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Abstract
A b s t r a c t
I o n  Im p la n ta tio n  o f  ru th e n iu m  io n s  in to  a  s ilico n  su b stra te  fo llo w e d  b y  a  h ig h  te m p e ra tu re  
an n ea l (k n o w n  as Io n  B e a m  S y n th e s is )  h as  b e e n  u sed  fo r  th e  f irs t  tim e  to  fa b ric a te  th re e  
w a fe rs , u n d e r th e  fo llo w in g  co n d itio n s .
1 . 5 .6 7  x  1 0 16 R u + cm '2, b e a m  h e a te d
2 . 4 .2 5  x  1 0 16 R u + cm ’2, h e a te d  to  ~  6 0 0 ° C
3 . 1 .2 7  x l 0 1 7 R u + cm '2, h e a te d  to  ~ 6 0 0 ° C
A l l  w a fe rs  c o n ta in e d  p re c ip ita te s  o f  th e  o rth o rh o m b ic  sem ico n d u ctin g  s ilic id e  o f  
ru th en iu m , R u 2S i3. N o  o th e r  p h a se  w a s  id en tified . T he sam p les  ex h ib ited  a  c o m p lica te d  
m ic ro s tru c tu re , w ith  1 6  d iffe re n t o r ie n ta tio n  v a r ia n ts  id en tified , an d  a  h ig h  d e g re e  o f  
d is o rd e r  (~  + 1 1 %  stra in ).
T h e  firs t  o p tic a l m e a su rem en ts  e v e r  c a rrie d  o u t o n  th is  m a te ria l a re  re p o rte d  h ere . 
A b s o rp tio n  m ea su rem en ts  in  tra n sm itta n c e  y ie ld e d  a  d ire c t b an d  g ap , in  th e  re g io n  o f  
~  0 .9 e V ,  0 .8 7 e V ,  an d  0 .9 2 e V  fo r  w a fe rs  1 ,  2 ,  an d  3 re sp e c tiv e ly . N o  d iscern ib le  v a r ia t io n  
o f  b an d  g ap  m a g n itu d e  w ith  m e a su rem en t te m p e ra tu re  w a s  fo u n d .
U p o n  seq u en tia l an n ea lin g , th e  d ire c t b an d  g ap  m ag n itu d e  re m a in ed  co n s ta n t u p  to  
~ 6 5 0 ° C  a fte r  w h ic h  it sh ifte d  to  a b o v e  th a t o f  s ilico n , p o s s ib ly  d u e  to  a  ch an g e  in  
m ic ro s tru c tu ra l d iso rd e r as  th e  p re c ip ita te s  in c rease  in  s ize . T h is  o b s e rv a tio n  w a s  
c o n firm e d  b y  s e v e ra l sing le  s te p  an n ea ls  a t v a r io u s  te m p e ra tu re s  a b o v e  6 5 0 ° C . N o  
p h o to lu m in e sce n c e  w a s  o b s e rv e d  in  a n y  o f  th e  sam p les.
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C h a p t e r  1  
I n t r o d u c t i o n
T h ere  h as b een  sig n ifica n t re s e a rc h  e f fo r t  o v e r  th e  p a st 1 0 - 1 5  y e a rs  d ire c te d  to w a rd s  
o b ta in in g  ligh t em iss io n  fro m  s ilico n . A  n u m b er o f  a p p ro a ch e s  h a v e  b e e n  id en tified  to  
a c h ie v e  p seu d o  o r  a c tu a l d ire c t b an d  g ap  b e h a v io u r.
T h e  m e th o d s  u tilised  o r  su g g es te d  in clu de:
•  T he a n o d isa tio n  o f  s ilic o n  to  p ro d u c e  a  p o ro u s  s tru c tu re , w h ic h  em its  ligh t 
b e tw e e n  0 .6 5  -  0 .8 p m  [1]
® Z o n e  fo ld in g  in  S iG e  su p er la tt ic e s  to  estab lish  a  p seu d o  d ire c t g ap  em ittin g  at 
1 .3 p m  [2]
•  T he in tro d u c tio n  o f  e rb iu m  in to  th e  s ilico n  m a trix  an d  th e  u tilisa tio n  o f  th e  
in te rn a l tra n s it io n  o f  th e  e rb iu m  a to m  at 1 .5 4 p m  [3]
•  F a b ric a tio n  o f  d ire c t b an d  g ap  silic id es w ith in  o r  u p o n  a  s in g le  c ry s ta l s ilico n  
su b stra te  [4 , 5 , 6]
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It is th e  la tte r  o f  th e se  fo u r  m e th o d s  in  w h ic h  th e  sco p e  o f  th is  w o r k  is co n ta in ed .
T he v a s t  m a jo rity  o f  t ra n s it io n  m e ta l s ilic id es  a re  m eta llic . T h e y  a re  w id e ly  u sed  w ith in  
th e  sem ico n d u c to r in d u s try  as g a te s  an d  in te rc o n n e c ts  d u e  to  th e ir  a t tra c t iv e  e le c tr ic a l 
p ro p e rtie s .
O n ly  a  sm a ll n u m b er o f  tra n s it io n  m e ta l silic id es a re  sem ico n d u ctin g . T o  d a te , n ine  
sem ico n d u ctin g  silic id es h a v e  b een  re p o rte d ; C r S i2, M n S ix ( 1 .7 1  < x  < 1 .7 5 ) ,  (3-FeSi2, 
R u2S i3, R e S i2, O sS i, O s2S i3, O sS i2, an d  I r3S i5. T he m a jo r ity  o f  th e se  s tru c tu re s  a re  
o rth o rh o m b ic  w ith  a  la rg e  n u m b er o f  a to m s  p e r  u n it ce ll, w ith  th e  e x c e p tio n  o f  C r S i2 
(h e x a g o n a l) , M n S ix 1 .7 1  < x  < 1 .7 5  (te tra g o n a l) , O s S i (cu b ic ), an d  I r3S is (m o n o c lin ic ). [7 , 
8]
S em ico n d u ctin g  tra n s it io n  m e ta l s ilic id es  h a v e  a ttra c te d  sig n ifican t re s e a rc h  in te re st, as  
th e y  h a v e  p o ss ib le  a p p lica tio n s  in  th e  fie ld s  o f  o p to e le c tro n ic  d e v ic e s , fib re  links, in fra re d  
d e te c to rs , p h o to v o lta ic , an d  th e rm o e le c tr ic  d e v ic e s . M n S i i.7 h as  b e e n  id en tified  as b e in g  
a  p o te n tia l th e rm o e le c tr ic  m a te ria l fo r  h ig h  te m p e ra tu re  ap p lica tio n s  [9] an d  R e S i2 c a n  be  
u se d  to  fa b ric a te  p h o to re s is to rs  an d  in fra -re d  d e te c to rs  [10]. C r S i2 h as a lso  b een  re p o rte d  
to  b e  a  p o te n tia l m a te ria l fo r  u se  as  a n  in fra -re d  d e te c to r  [11].
T h e  b an d  g ap  e x h ib ited  b y  th e se  sem ico n d u ctin g  silic ides ra n g e s  fro m  0 . 1 2  -  2 .3 e V ,  w ith  
th e  m a jo r ity  b e in g  re p o rte d ly  o f  an  in d irec t n atu re . D ire c t b an d  g ap  tra n s it io n  m e ta l 
silic id es  a re  re p o rte d  to  b e  p -F e S i2, R u 2S i3, I r3S i5, O s2S i3, an d  p o ss ib ly  C r S i2 a lth o u g h  
th e re  is little  a g reem en t in  th e  lite ra tu re . [7 , 8, 1 2 ]  T he m a g n itu d e  o f  th e  d ire c t b an d  g ap
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o f  I r3S is is la rg e r  th a n  th a t o f  s ilico n , in  th e  o rd e r  o f  1 . 5 e V  [8 ] , w h e re a s  p -F e S i2 an d  
R u 2S i3 h a v e  fo rb id d e n  g a p s  sm a lle r th a n  silico n .
T he firs t  L ig h t E m ittin g  D io d e  b a sed  o n  p -F e S i2 w a s  fa b ric a te d  b y  h ig h  d o se  io n  
im p la n ta tio n  in to  s in g le  c ry s ta l s ilico n , fo llo w e d  b y  a  h ig h  te m p e ra tu re  an n ea l. T he  
d e v ic e  em itted  a t 1 .5  p m , w h ic h  c o rre s p o n d s  to  th e  w a v e le n g th  o f  th e  lo w  lo ss  w in d o w  o f  
o p tic a l fib res  [4]. T h e  e le c tro lu m in e sc e n c e  s ig n a l h ad  a  n a r ro w  fu ll w id th  h a l f  m axim u m , 
o f  a  fe w  m e V , b u t s u ffe re d  g re a t ly  f r o m  th e rm a l q u en ch in g . T h e  e x te rn a l q u a n tu m  
e ffic ie n c y  o f  th e  p ro to ty p e  d e v ic e  w a s  - 0 . 1 % .  [4]
T h is w o r k  is c o n c e rn e d  w ith  th e  p o ss ib le  u se  o f  th e  sem ico n d u ctin g  s ilic id e  o f  ru th en iu m  
(R u 2S i3) a s  an  o p to e le c tro n ic  m a te ria l.
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C h a p t e r  2  
L i t e r a t u r e  R e v i e w
T h e  a im  o f  th is  lite ra tu re  s u rv e y  is to  p ro v id e  a  c o m p le te  r e v ie w  o f  a ll re s e a rc h  a c tiv itie s  
to  d a te  c o n ce rn in g  sem ico n d u ctin g  R u 2S i3. In itia lly , th e  s tru c tu ra l p ro p e r t ie s  a re  
d iscu ssed , fo llo w e d  b y  th e  o p t ic a l c h a ra c te r is t ic s  an d  fin a lly  th e  w o r k  o n  th e  e le c tr ic a l  
p ro p e rtie s .
2 . 1  S t r u c t u r a l  P r o p e r t i e s
2 . 1 . 1  C r y s t a l  S t r u c t u r e
D i-ru th en iu m  tr i-s ilic id e  (R u 2S i3) b e lo n g s  to  th e  fa m ily  o f  tra n s it io n  m e ta l co m p o u n d s  
k n o w n  as  d e fe c t-T iS i2 [1]  o r  N o w o tn y  “ ch im n ey  la d d e r” s tru c tu re s  [2 ]. T h e  s tru c tu re  is 
b a se d  o n  a  h e x a g o n a l c lo se  p a c k e d  la ttic e  sys tem , bu t w ith  th e  ru th en iu m  a to m s  sittin g  
a b o v e  th e  sad d le  p o in ts  (a s  o p p o s e d  to  th e  tr ig o n a l v o id s )  o f  th e  a d ja c en t la y e r  [2] in  th e  
s tack in g  seq u en ce  A B C D , as s h o w n  in  fig u re  2 . 1 .  T h e  “ch im n ey  la d d e r” re fe r s  to  th e  
s ilico n  a to m s fo rm in g  a  h e lix  a lig n ed  a lo n g  th e  [ 0 1 0 ]  d irec tio n . [3]
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F ig u re  2 .1  - S ta c k in g  d ia g ra m  o f  ru th en iu m  a to m s
in R u 2S i3 v ie w e d  in ( 2 0 1 )  p lane
T a k en  fro m  [2 , 3]
F ig u re  2 .2  sh o w s  a  m o d e l o f  th e  un it c e ll v ie w e d  a lo n g  a ll th re e  c ry s ta llo g ra p h ic  
d ire c tio n s , w ith  th e  g re e n  an d  b ro w n  sp h eres  rep resen tin g  th e  ru th en iu m  an d  silico n  
a to m s re sp e c tiv e ly .
A lo n g  th e  c ry s ta llo g ra p h ic  ax is  p a ra lle l to  th e  a - and  c - d ire c tio n s  in th e  un it c e ll the  
ru th en iu m  a to m s o f  e v e r y  seco n d  la y e r  line up , w ith  th e  in te rm ed ia te  a to m s a lig n ed  o n  a  
d isp laced  ax is. T his can  be seen  in fig u res  2 .2 a  and  2 .2 c .
W h e n  th e  R u 2S i3 un it c e ll is o rie n ta te d  su ch  as to  v ie w  a lo n g  th e  [ 0 1 0 ]  d ire c tio n  the  
ru th en iu m  a to m s c o m p le te ly  line up  behind  o n e  an o th e r, (se e  fig u re  2 .2 b )
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View along this 
ruthenium axis
Alignment of each 
second layer ruthenium 
atoms can be seen in 
this off-axis view
z
F ig u re  2 . 2 a -  V ie w  o f  R u 2S i3 un it c e ll a lo n g  [ 1 0 0 ]  d ire c tio n
F ig u re  2 .2 b  -  V ie w  o f  R u 2S i3 unit ce ll a lo n g  [ 0 1 0 ]  d ire c tio n
Complete 
alignment of 
ruthenium atoms
along this 
but misalignment 
of silicon atoms
throughout lattice 
in this direction
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Every second 
layer of 
ruthenium 
atoms align
F ig u re  2 .2 c  -  V ie w  o f  R u 2S i3 unit ce ll a lo n g  [ 0 0 1 ]  d ire c tio n
F ig u re  2 .2  - R u 2S i3 un it c e ll v ie w e d  a lo n g  a ll 3 la ttice  d ire c tio n s  
G re e n  sp h eres  re p re se n t ru th en iu m  a to m s and  b ro w n  sp h eres  th e  s ilico n  a to m s. 
It can  be seen  th a t ru th en iu m  a to m s  a lig n  c o m p le te ly  a lo n g  th e  [ 0 1 0 ]  d irec tio n , 
and  e v e r y  seco n d  la y e r  a lo n g  th e  [ 1 0 0 ]  and [ 0 0 1 ]  d irec tio n s .
T he s ilico n  a to m s  fo rm  a  h e lix  a lo n g  [ 0 1 0 ]  d irec tio n .
R u 2S i3 is re p o rte d  to  ex is t in tw o  p h a ses ; th e  lo w  te m p e ra tu re  o rth o rh o m b ic  p h ase  and  a 
h ig h er te m p e ra tu re  te tra g o n a l p h ase  [ 4 - 9 ] .  T he p h ase  tra n s fo rm a tio n  te m p e ra tu re  is 
q u o te d  as -  1 0 0 0 ° C  b y  so m e  a u th o rs  [4 , 6 ] o r  a ro u n d  1 3 0 0 ° C  b y  o th e rs  [7 , 8 , 9 ].
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T h e R u -S i  b in a ry  p h a se  d ia g ra m  [7] is re p ro d u c e d  in  fig u re  2 .3 ,  an d  sh o w s  th e  R u 2S i3 
c o m p o u n d  to  b e  fo rm e d  a b o v e  6 0  a t .%  S i  w ith  th e  p h a se  tra n s fo rm a tio n  o c c u rr in g  at  
1 3 7 0 ° C . A  su b seq u en t s tu d y  re in v e s tig a te d  th e  p h ase  d ia g ra m  an d  fo u n d  th is  p h a se  
tra n s fo rm a tio n  to  o c c u r  a t 1 3 0 0  ±  5 °C  [8].
R u -S i
Atomic Percent Silicon
F ig u re  2 .3  -  R u th e n iu m -S ilic o n  b in a ry  p h a se  d ia g ra m
T a k en  f r o m  [7]
T h e  lo w  te m p e ra tu re  o rth o rh o m b ic  s tru c tu re  (sp a c e  g ro u p  N o .6 0  -  P b cn , D\4h) is re p o rte d
to  tra n s fo rm  in to  th e  h ig h  te m p e ra tu re  te tra g o n a l p h ase  (sp a c e  g ro u p  N o . l  1 6  -  P 4 c 2 ,  
D Zd) v ia  an  in te rm ed ia te  o rth o rh o m b ic  p h a se  o f  s tru c tu re  P b 2 n  (sp a ce  g ro u p  N o .3 0 ,  C f t ) .
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T his in v o lv e s  th e  m o v e m e n t o f  th e  s ilic o n  a to m s  th ro u g h  an  a v e ra g e  d is tan ce  o f  1 . 2 A ,  
w h ils t th e  ru th e n iu m  a to m s re m a in  v ir tu a lly  co n sta n t. [6 , 1 0 ,  1 1 ] .
T h e  la ttice  c o n sta n ts  o f  th e  u n it c e l l o f  th e  lo w  te m p e ra tu re  o rth o rh o m b ic  p h a se  o f  R u 2S i3 
f ro m  v a r io u s  s tu d ies  a re  su m m arised  in  th e  ta b le  b e lo w  ( fig u re  2 .4 ) .
a= (A) II c =  (A) R e fe re n c e
1 1 . 0 5 2  ± 
0 .0 0 4
8 .9 3 7  ± 
0.001
5 .5 2 5  ±  
0.001 [8]
1 1 . 0 6 7 8 8 .9 5 1 2 5 .5 3 3 9 [9]
1 1 . 0 7 4 8 .9 7 5 5 .5 3 7 [ 1 2 ]
1 1 . 0 5 7 8 .9 3 4 5 .5 3 3 [ 1 3 ]
1 1 . 0 6 0 8 .9 5 2 5 .5 3 0 [ 1 4 ]
F ig u re  2 .4  -  L a ttic e  c o n s ta n ts  o f  th e  o rth o rh o m b ic  p h a se  o f  R u 2S i3
T he te tra g o n a l p h a se  o f  R u 2S i3 (sp a c e  g ro u p  P 4 c 2 )  is q u o te d  as co n ta in in g  la ttice  
co n s ta n ts  a  =  1 1 . 0 7 5 A  an d  c  -  8 . 9 5 4 A  [8 ]. T h e re fo re  th e  te tra g o n a l u n it c e ll c a n  be  
co n s id e re d  to  b e  tw o  o rth o rh o m b ic  u n it c e lls  p la c e d  ad jacen t to  o n e  a n o th e r.
E le c tr ic a l m e a su rem en ts  c a rrie d  o u t a t h ig h  te m p e ra tu re  re p o r t  th e  e x is te n c e  o f  th is  
sem ico n d u ctin g  p h a se  [ 1 5 ] ,  h o w e v e r  th e re  a re  n o  re p o rts  o f  th is  p h a se  b e in g  o b s e rv e d  at 
ro o m  te m p e ra tu re . A tte m p ts  to  syn th es ise  th e  te tra g o n a l p h ase  h a v e  y e t  to  b e  rea lised .  
E v e n  a f te r  q u en ch in g  fro m  th e  liq u id  s ta te  o n ly  th e  o rth o rh o m b ic  p h a se  w a s  o b s e rv e d  [9]. 
T h e re fo re , it w o u ld  se e m  re a so n a b le  to  assu m e th a t, d u e  to  th e  s im ila r c e ll d im en sio n s
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an d  th e  sm all a to m ic  m o v e m e n t re q u ire d  to  u n d erg o  th e  p h a se  tra n s fo rm a tio n , th e  
te tra g o n a l p h ase  m a y  n o t b e  s tab le  a t ro o m  te m p e ra tu re  an d , e v e n  i f  fo rm e d  u n d er h ig h  
te m p e ra tu re  p ro c ess in g  c o n d itio n s , m a y  tra n s fo rm  ra p id ly  b a c k  in to  th e  o rth o rh o m b ic  
p h a se  o n  c o o lin g  to  ro o m  te m p e ra tu re .
M ic ro  s tru c tu ra l in v es tig a tio n s  in to  th e  o r ie n ta tio n  re la tio n sh ip  b e tw e e n  R u 2S i3 an d  s ilico n  
h a v e  b e en  re p o rte d  b y  th re e  in d ep en d en t g ro u p s  [ 1 6 ,  1 7 ,  1 8 ] .  T he re su ltin g  re la tio n sh ip s  
d ep en d  o n  th e  p ro c ess in g  tech n iq u e  e m p lo y ed  and  th e  sp ec ific  fa b ric a tio n  c o n d itio n s  
u sed .
S a m p les  g ro w n  o n  S i ( l l l )  b y  a  C h em ic a l E le c tro  less  P la tin g  tech n iq u e  w e r e  re p o rte d  to  
exh ib it o rie n ta tio n  re la tio n sh ip s  b e tw e e n  th e  R u 2S i3 p re c ip ita te s  an d  s ilico n  o f  [ 1 1 1 ] s i  // 
[ 0 1 0 ] Ru2Si3 an d  ( 0 2  2 )s i // ( 4 0 2 ) Ru2Si3. A f t e r  an n ealin g  th e  a m o rp h o u s  a s -d e p o s ite d  film s  
fo r  VA  h o u rs  a t 1 0 0 0 ° C  th e  R u 2S i3 g ra in  s ize  w a s  fo u n d  to  b e  2 - 1 0 p m . [ 1 6 ]
A  d e ta ile d  s tu d y  o f  th e  o rie n ta tio n a l re la tio n sh ip  b e tw e e n  R u 2S i3 an d  th e  s ilico n  su b stra te  
w a s  c a rrie d  o u t  o n  sam p les  g ro w n  b y  M o le c u la r  B e a m  E p ita x y . T h e  sam p le  co n ta in s  
la rg e  p re c ip ita te s  w ith  a n  a v e ra g e  d ia m e te r o f  s e v e ra l th o u sa n d  an g stro m s. [3 , 1 7 ,  19 ]
F o r  th e  sam p les g ro w n  o n  S i ( l l l )  tw o  d iffe re n t o rie n ta tio n a l re la tio n sh ip s  a re  o b s e rv e d  
d epen d in g  o n  th e  g ro w th  te m p e ra tu re . A t  lo w  d e p o s itio n  te m p e ra tu re s  th e  p re fe r re d
o rie n ta tio n  re la tio n sh ip  is [ 2 1  l ] Si // [ 0 1 0 ] Ru2Si3 an d  ( l l l ) s i  // ( 2 0 1 ) Ru2Si3 w ith  an  a re a l 
la ttice  m ism a tch  o f  + 2 .5 8 % , w h e re a s  a t h ig h  te m p e ra tu re s  th e  e p ita x ia l re la tio n sh ip
o b s e rv e d  is [ 0 1 1  ]s; // [ 0 1 0 ] Ru2si3 an d  ( 1 1  l) s i  // ( 2 0 1 ) Ru2Si3 w ith  a  m ism a tch  o f  + 0 .4 9 %  [3 , 
1 7 ] .
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W h e n  Si(lO O ) is u sed  as  th e  d e p o s itio n  su b stra te  n o  p re fe re n c e  is o b s e rv e d  in  p re c ip ita te  
g ro w th  an d  tw o  o rie n ta tio n a l re la tio n sh ip s  a re  fo u n d  in  a p p ro x im a te ly  e q u a l p ro p o rt io n s ;
n a m e ly  [ 1 1 0 ] Si // [010]Ru2si3 an d  ( 1 0 0 ) s i  // (201) Ru2si3, an d  [ 1 1 0 ] Si // [ 1 1 2  ] r u2s.3 an d  
( 1 0 0 ) s i  // ( 2 0 1 ) Ru2si35 w ith  re p o rte d  la ttice  m ism a tch es  o f + 1 .5 7 %  a n d  + 1 .5 6 %  re s p e c tiv e ly
[3 ].
S a m p les  fa b ric a te d  b y  I o n  B e a m  S y n th e s is  o n  S i ( 1 0 0 )  a re  fo u n d  to  co n s is t o f  a  m u ch  
m o re  c o m p lica te d  m ic ro  s tru c tu re . T h e  o r ie n ta tio n  re la tio n sh ip  b e tw e e n  th e  R u 2S i3
p re c ip ita te s  an d  s ilico n  is re p o rte d  to  b e  < 1 10> si // < 1 1  l> R U2Si3 an d  { 1 1 1  }si // { 1 10} Ru2si3, 
w h ic h  co n s is ts  o f  s ix tee n  in d ep en d en t o rie n ta tio n s . T h e  sam p le  s tu d ied  co n ta in e d  
p re c ip ita te s  in  th e  o rd e r  o f  -  2 0 0  ± 1 0 0  A ,  w h ic h  w e re  re p o rte d  to  exh ib it m ic ro  s tru c tu ra l 
s tra in  in  th e  o rd e r  o f  ~ + 1 1  % . [ 1 8 ]
It is e v id e n t [3 , 1 7 ,  1 8 ]  th a t th e  m ic ro s tru c tu re  o f  b o th  th e  im p la n ted  an d  M B E  g ro w n  
sam p les  is co m p lica te d . T h e  sp ec ific  o r ie n ta tio n  o f  th e  s ilic id e  w ith  re sp e c t to  th e  s ilico n  
is s tro n g ly  d ep en d en t u p o n  th e  fa b ric a tio n  c o n d itio n s  in  b o th  tech n iq u es  in vestig a ted . N o  
s im ila r w o r k  h as  b e en  re p o rte d  o n  th e  a rc  m e lte d  sam p les, w h ic h  is th e  m o st c o m m o n  
m e th o d  re p o rte d  fo r  fa b ric a tin g  R u 2S i3 sam p les  fo r  th e rm o e le c tr ic  a p p lica tio n s  [ 2 0 - 2 2 ] .
2 . 1 . 2  E l e c t r o n i c  S t r u c t u r e
R u 2S i3 co n ta in s  1 4  v a le n c e  e le c tro n s  p e r  ru th en iu m  a to m , c o rre sp o n d in g  to  c o m p le te ly  
filled  d - sta te s  w ith  4  rem ain in g  v a le n c e  e le c tro n s  [2]. T h e  c o m p o u n d  c o n sis ts  o f  lo w  
ly in g  S i  s- s ta te s , S i  p - R u  d - b an d s w ith  a  S i  p -  R u  d - c o v a le n t  h y b rid isa tio n  g ap  
sep a ra tin g  th em , w ith  th e  F erm i le v e l  s itu a te d  w ith in  th is  g ap  [ 1 0 ,  2 3 ] .  T h e  fo rb id d e n  
e n e rg y  g ap  in  th e  s tru c tu re  is p o s tu la te d  to  o rig in a te  fro m  th is  h y b rid isa tio n  o f  R u  d - w ith
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S i  p -  o rb ita ls . I f  th e  s- an d  p -  o rb ita ls  o f  R u  w e r e  o m itte d  f ro m  th e  m o d e l in  th e  b an d  gap  
c a lc u la tio n s  n o  g ap  w a s  fo u n d , e v e n  th o u g h  th ese  e x c ite d  o rb ita ls  a re  o n ly  w e a k ly  
re p re se n te d  in  th e  d e n s ity  o f  s ta te s  [ 1 0 ,  2 3 - 2 5 ] .
T he s ta te s  a t th e  T  p o in t a re  fo rm e d  b y  R u  d - an d  S i  p - e le c tro n s , w ith  th e  v a le n c e  b an d  
m a x im a p re d o m in a n tly  o f  S i  p -  c h a ra c te r  an d  th e  c o n d u c tio n  b an d  m in im a o f  R u  d -  
c h a ra c te r  [ 1 0 ,  2 4 - 2 6 ] .  T h e  R u  5 p -  o rb ita ls  h a v e  a  th re e  to  fo u r  tim es  g re a te r  c o n tr ib u tio n  
to  th e  d e n s ity  o f  s ta te s  th a n  th e  s- o rb ita ls , so  a re  th o u g h t to  b e  m o re  im p o rta n t in  th e  
fo rm a tio n  o f  th e  ban d  gap , h o w e v e r  n o t a s  s ig n ifican t as  th e  d - o rb ita ls  [2 3 ] .
2 . 1 . 3  F a b r i c a t i o n  a n d  C o m p o u n d  F o r m a t i o n
T h e  m e th o d  o f  fa b ric a tio n  e m p lo y e d  is h e a v ily  a ffe c te d  b y  th e  e n v isa g ed  p o te n tia l 
ap p lica tio n . R e se a rc h  in to  u sin g  R u 2S i3 as a  th e rm o e le c tr ic  m a te ria l u ses  s to ic h io m etric  
m e lts  [ 2 0 - 2 2 ] ,  w h ils t th e  se m ic o n d u c to r co m m u n ity  c o n c e n tra te  o n  u sing  d e p o s itio n  
g ro w th  an d  im p la n ta tio n  te c h n iq u e s  [ 1 7 ,  1 8 ,  1 9 ,  2 4 ,  2 5 ,  2 7 ] .
T h e  d e p o s itio n  o f  ru th e n iu m  o n to  a  s ilic o n  su b stra te  an d  su b se q u e n tly  h e a te d  h as  b e en  
s h o w n  to  fo rm  R u 2S i3 la y e rs  b y  a  d iffu s io n  c o n tro lle d  m ech an ism  w ith  an  a c tiv a t io n  
e n e rg y  o f  1 .8 e V .  [ 1 2 ,  2 8 ,  2 9 ]  T h e  d iffu s io n  c o e ffic ie n t is h ig h  (5  x  1 0 '7 -  5  x  1 0 '6 cm 2 / 
sec  in  th e  te m p e ra tu re  ra n g e  1 0 0 0  -  1 2 8 0 ° C )  w h ic h  im p lies  th e  p ro c e s s  is  m a in ly  
d iffu s io n  v ia  in te rs titia ls  [2 8 ] .
T h e  o x id a tio n  ra te  o f  R u 2S i3 is fo u n d  to  be co m p a ra b le  to  th a t o f  p u re  s ilico n  [3 0 , 3 1 ] ,  
w ith  a  s tro n g  d ep en d en c e  o n  p ro c e ss in g  p re ssu re  [3 2 ] . I f  su ffic ie n tly  lo w  p re ssu re s  a re  
u sed  (<~ 1 0 '4 T o rr)  n o  S i 0 2 is  fo rm e d  o n  th e  su rfa c e  o f  th e  R u 2S i3 sam p le  [3 2 ] .
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2 . 2  O p t i c a l  P r o p e r t i e s
R u 2S i3 h as b een  s h o w n  th e o re t ic a lly  to  b e  sem ico n d u ctin g  w ith  a  d ire c t b an d  g a p  s itu a ted  
a t th e  T  p o in t [ 1 0 ,  2 4 - 2 6 ,  3 3 ] .
A b -in itio  ban d  g ap  c a lc u la tio n s  s h o w  th e  g ap  to  b e  d ire c t w ith  a  m a g n itu d e  o f  0 .4 5 e V ,  
h o w e v e r  th e  a u th o rs  su g g est th a t th e  a c tu a l v a lu e  m a y  d iffe r  b y  as  m u ch  as a  fa c to r  o f  tw o
[ 1 0 ] .  O th er in ve s tig a tio n s  c a lc u la te  th e  m a g n itu d e  o f  th e  d ire c t b an d  g ap  to  b e  0 .4  l e V
[2 6 ]  an d  0 .4 2 e V  [2 4 , 2 5 ,  3 3 ] .
F ig u re  2 .5  sh o w s  th e  b an d  s tru c tu re  o f  R u 2S i3 in  th e  v ic in ity  o f  th e  F erm i le v e l. T h e  
v a le n c e  ban d  m a x im u m  is 0 .4 e V  h ig h e r th a n  th e  n e x t h ig h est p o in t, w ith  th e  c o n d u c tio n  
b an d  b ein g  a p p ro x im a te ly  0 .1  e V  lo w e r  th a n  th e  n e x t n e a re s t m in im a. [ 1 0 ]
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F ig u re  2 .5  - B a n d  S tru c tu re  o f  R u 2S i3
T a k en  f r o m  [ 1 0
T he la ttice  c o n sta n ts  q u o te d  in  th e  lite ra tu re  fo r  th e  o rth o rh o m b ic  s tru c tu re  o f  R u 2S i3 v a r y  
in  th e  o rd e r  o f  0 .2 %  [8 , 9 , 1 2 —1 4 ]  an d  th e  in te rn a l p o s itio n s  o f  th e  a to m s c a n  d iffe r  b y  
0 . 1 2  a .u . [ 1 0 ] .  T h e  m a g n itu d e  o f  c a lc u la ted  b an d  g ap  is h e a v ily  d ep en d en t o n  th e  ch o ic e  
o f  in te rn a l p a ra m ete rs . W h e n  d iffe re n t c ry s ta llo g ra p h ic  d a ta  se ts  a re  u sed  in  th e  
c a lc u la tio n , th e  b an d  g ap  v a lu e  v a r ie s  f r o m  0 .4 2 e V  to  0 .5  l e V  [ 1 0 ] .  W o l f  e t al. [ 1 0 ]  n o te  
th a t, a s  w a s  o b s e rv e d  in  th e  w o r k  c a rried  o u t o n  th e  s tru c tu re  o f  C r S i2, th e  b an d  d isp e rs io n  
a ro u n d  th e  b an d  g ap  is p a r t ic u la r ly  sen s itive  to  th e  S i-a to m  p o s itio n s , w h ic h  d e te rm in es  
th e  tra n s it io n  m e ta l to  S i  c o o rd in a tio n  g e o m e try  [ 1 0 ] .  T h is m a y  a c c o u n t fo r  th e  s tro n g  
re la tio n sh ip  b e tw e e n  th e  c ry s ta llo g ra p h ic  d a ta  u sed  and  th e  sp ec ific  v a lu e  o f  b an d  g ap  
c a lcu la ted .
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A  n u m b e r o f  e x p e rim e n ta l in v e s tig a tio n s  [ 1 5 ,  2 0 - 2 2 ,  2 5 ,  2 7 ,  3 4 ]  h a v e  s h o w n  a  la rg e r  
b an d  g ap , g e n e ra lly  in  th e  ra n g e  co n s is ten t w ith  th e  su g g estio n  o f  W o l f  e t al. [ 1 0 ] .  T h ese  
v a lu e s  a re  su m m arised  in  th e  ta b le  b e lo w  ( fig u re  2 .6 ) .
B a n d
G a p
(e V )
T y p e  o f  sam p le M e th o d  u sed R e fe re n c e
0 .7 e V A r c  m e lte d R e s is tiv ity  m e a su rem en ts  
(T  -  1 2 0 0 K )
[ 1 5 ]
0 .9 e V A r c  m e lted H all m ea su rem en ts [2 0]
0 .7 2 e V
1 . 1 9 e V
A rc  m e lted R e s is tiv ity
m e a su rem en ts
H ig h  tem p . 
L o w  tem p .
[2 1 ]
- l e V A r c  m e lte d R e s is tiv ity  m e a su rem en ts  
(T  > 5 0 0 K )
[2 2]
0 .8 5 e V
0 .8 6 e V
S in g le  c ry s ta l &  sp u tte re d  
p o ly c ry s ta llin e  th in  film
U V -V I S -N I R  m ea su rem en ts  
E llip so m e try  m ea su rem en ts
[2 5]
0 .8 e V M o le c u la r  B e a m  E p ita x y  
p o ly c ry s ta llin e  film s
E le c tr ic a l m e a su rem en ts [2 7]
0 .8 4 e V S in g le  c ry s ta l P h o to th e rm a l D e fle c tio n  
S p e c tro s c o p y
[3 4]
F ig u re  2 .6  - M a g n itu d e  o f  b and  g ap  o f  
o rth o rh o m b ic  R u 2S i3 o b s e rv e d  e x p e rim e n ta lly
U V -V I S -N I R  n o rm a l in c id en ce  re f le c t io n  an d  tra n sm iss io n  m ea su rem en ts  c a rrie d  o u t  o n  
s in g le  c ry s ta l R u 2S i3 y ie ld e d  a  d ire c t b an d  g a p  o f  0 .8 5 e V .  [2 5 ]  T h is is sh o w n  in  fig u re  
2 .7 .  P h o to th e rm a l D e fle c tio n  S p e c tro s c o p y  m e a su rem en ts  y ie ld e d  sim ila r re su lts . T h e  
d ire c t b an d  g ap  w a s  fo u n d  to  b e  0 .8 4 e V  in  a  s in g le  c ry s ta l o f  R u 2S i3. [3 4]
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Photon energy [eV]
F ig u re  2 .7  - A b s o rp t io n  ed g e  o f  a  R u 2S i3 sing le  c ry s ta l a t 3 0 0 K
T a k en  fro m  [2 5]
T h e  c re a tio n  o f  d e fe c t le v e ls  w ith in  th e  b an d  g ap  o f  th e  sam p le  is in v es tig a ted  in  th re e  
in d ep en d en t s tu d ies  [ 2 8 , 2 9 ,  3 5 ] .  In  a  d e p o s ite d  sam ple  th e  ru th en iu m  w a s  se e n  to  a c t as  
an  a m p h o te ric  im p u rity  [2 8 , 2 9 ]  an d  in tro d u c e d  s im u lta n eo u s d o n o r  an d  a c c e p to r  le v e ls  a t 
E c -  0 .2 4  ± O .O leV  and  E c -  0 .4 5  ±  0 .0 2 e V  [2 8 ] . A  s tu d y  o f  th e  d e fe c ts  c re a te d  b y  io n  
im p la n ta tio n  o f  ru th en iu m  in to  s ilico n  y ie ld e d  sim ila r re su lts  [3 5 ] . S im ila r ly  ru th e n iu m  
w a s  seen  to  ac t as  an  a m p h o te ric  im p u rity , c re a tin g  tw o  c en tre s  a t  E v + 0 .2 6 5 e V  an d  E c -  
0 . 1 8 4 e V  [3 5 ] .
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2 . 3  E l e c t r i c a l  P r o p e r t i e s
T h ere  is little  a g re em en t in  th e  p u b lish ed  lite ra tu re  as  to  th e  n a tu re  o f  th e  m a jo r ity  c a rr ie rs  
in  R u 2S i3.
G o ttlie b  e t al. fo u n d  R u 2S i3 to  b e  in trin s ica lly  p - ty p e  [3 6 ] . S u s z  e t a l., h o w e v e r , s ta te d  th e  
c o m p o u n d  to  b e  an  n -ty p e  se m ic o n d u c to r [ 1 5 ] .
V in in g  e t al. o b s e rv e d  a  ch an g e  in  th e  n a tu re  o f  th e  co m p o u n d , f r o m  n -ty p e  to  p - ty p e , a t  
te m p e ra tu re s  a b o v e  4 3  OK. A  tw o  b an d  m o d e l w a s  p o s tu la te d . A t  lo w  te m p e ra tu re s  th e  
sm a ll n u m b er o f  n -ty p e  d o p a n ts  d o m in ate , h o w e v e r  a t h ig h er te m p e ra tu re s  b o th  e le c tro n s  
an d  h o le s  a re  th e rm a lly  e x c ite d . T h e  p - ty p e  b e h a v io u r d o m in a te s  d u e  to  th e  h ig h er  
m o b ility  o f  th e  th e rm a lly  e x c ite d  h o les . [2 0 ]  T h e  sam e g ro u p  o f  re s e a rc h e rs  in  a  d iffe re n t  
e x p erim e n ta l in v e s tig a tio n  [ 2 1 ]  o b s e rv e d  th is  sam e ch an g e  o c c u rre d  a t 5  5 OK.
2 . 3 . 1  D o p a n t s
S e v e r a l  p o ss ib le  e lem en ts  h a v e  b e e n  id en tifie d  e x p e rim e n ta lly  as  p o ss ib le  d o p a n ts  fo r  
R u 2S i3. T h ese  a re  su m m arised  in  th e  P e rio d ic  T ab le  s h o w n  in  fig u re  2 .8 .  T h e  d o p a n ts  a re  
s h o w n  in  b o ld  w ith  e ith e r a  +  o r  -  to  in d ica te  th e  s ig n  o f  th e  H all c o e ffic ie n t. [2 2]
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F ig u re  2 .8  -  C a n d id a te  d o p a n ts  fo r  R u 2S i3
T a k e n  f ro m  [2 2 ]
A  sig n ifican t ch an g e  in  th e  e le c tr ic a l c h a ra c te r is tic s  o f  th e  sam p le  w a s  o b s e rv e d  w h e n  
u sing  M a n g a n e se  as a  p - ty p e  d o p a n t o r  R h o d iu m , P a llad iu m , Irid iu m , o r  P la tin u m  as  a n  
n -ty p e  d o p a n t [2 2 ] .
S e v e r a l  o th e r  g ro u p s  h a v e  in v e s tig a te d  th e  e le c tr ic a l p ro p e rtie s  o f  d o p e d  R u 2S i3. T h ree  
g ro u p s  re p o rte d  R h o d iu m  d o p e d  R u 2S i3 to  b e  n -ty p e  [2 0 , 2 1 ,  3 7 ] ,  w h ils t B o ro n  w a s  
id en tified  to  b e  a  p - ty p e  d o p a n t [ 2 0 , 2 1 , 3 8 ] .
E le c tr ic a l m e a su rem en ts  c a rrie d  o u t o n  a  C z o c h ra lsk i g ro w n  sin g le  c ry s ta l R u 2S i3 sam p le  
s h o w  th e  ch a rg e  c a rr ie rs  to  b e  h o le s , w ith  a  c a rr ie r  c o n c e n tra t io n  o f  1 .0  x  1 0 18 cm '3 an d  a  
m o b ility  o f  -  3 .5  cm 2 / V s . R e s is t iv ity  m ea su rem en ts  s h o w  a n is o tro p y  a lo n g  th e  
c ry s ta llo g ra p h ic  d ire c tio n s , w ith  pa / Pb »  2 an d  pc / pb ® 1 .5  co n s ta n t a c ro ss  th e  
m ea su rem en t te m p e ra tu re  ra n g e  1 .6  < T  < 3 0 0 K .  [3 6]
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C h a p t e r  3  
T h e o r y
T h e m a in  c h a ra c te r isa tio n  tech n iq u e  e m p lo y e d  in  th is  re s e a rc h  p ro je c t  h as b e e n  d irec t  
o p tic a l a b so rp tio n  m e a su rem en ts  in  tra n sm iss io n  to  y ie ld  th e  b an d  g ap  n a tu re  an d  
m ag n itu d e. T he th e o re t ic a l b a c k g ro u n d  is d e ta ile d  in  th is  ch ap te r. T h e  th e o re t ic a l e ffe c t  
o f  b e lo w  b an d  g ap  a b so rp tio n  an d  v a ry in g  m ea su rem en t te m p e ra tu re  is g iven .
T ra n sm iss io n  E le c tro n  M ic ro s c o p y  is u se d  to  p ro v id e  d e ta ile d  s tru c tu ra l in fo rm a tio n  o n  
th e  sam p les. T h e  w a y  th e  in fo rm a tio n  is g lean ed  fro m  th is  m ic ro s c o p y  tech n iq u e  is  
d iscu ssed  in  th e  fin a l se c tio n  o f  th is  ch ap te r.
3 . 1  F u n d a m e n t a l  A b s o r p t i o n  i n  S e m i c o n d u c t o r s
F u n d am en ta l, o r  b a n d -to -b a n d , a b so rp tio n  re su lts  in  a  ra p id  r is e  in  a b so rp tio n  o f  th e  
sam p le  an d  c a n  b e  u se d  to  d e te rm in e  th e  fo rb id d e n  e n e rg y  g ap  o f  th e  sem ico n d u cto r.
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T h ere  a re  tw o  d iffe re n t ty p e s  o f  b a n d -to -b a n d  tran s itio n s , c o rre sp o n d in g  to  th e  tw o  
d iffe re n t ty p e s  o f  sem ic o n d u c to r; d ire c t a n d  in d irec t. B o th  th e se  fu n d a m en ta l tra n s it io n s  
a re  d iscu ssed  in  tu rn .
3 . 1 . 1  D i r e c t  T r a n s i t i o n s
T h e b an d  d ia g ra m  fo r  a  d ire c t g ap  se m ic o n d u c to r is s h o w n  in  fig u re  3 . 1 .  T h e  re su ltin g  
a b so rp tio n  tra n s it io n  f ro m  a n  in cid en t p h o to n  o f  e n e rg y  hv  b e tw e e n  th e  filled  v a le n c e  
b an d  an d  th e  e m p ty  c o n d u c tio n  b an d  is a lso  sh o w n .
F ig u re  3 .1  -  A b s o rp t io n  tra n s itio n s  b e tw e e n  tw o  d ire c t v a lle y s
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It is  assu m ed  th a t a ll m o m e n tu m -c o n se rv in g  tra n s itio n s  a re  a llo w e d  an d  th a t th e  
p ro b a b ility  o f  e a c h  tra n s it io n  o c c u rr in g  is in d ep en d en t o f  p h o to n  e n e rg y . F o r  e a c h  
in cid en t p h o to n  th a t e x c ite s  an  e le c tro n  fro m  a n  in itia l e n e rg y  s ta te  Et th e re  is  an  
a sso c ia ted  fin a l e n e rg y  s ta te  Ef, w h ic h  is g iv e n  b y  [1]
Ef = hv— \Et
( 3 . 1 )
In  p a ra b o lic  b an d s th e  in itia l an d  fin a l e n e rg y  s ta te s  c a n  a lso  b e  d e fin ed  in  te rm s  o f  th e  
e ffe c tiv e  m a ss  o f  th e  h o le  o r  e le c tro n  re s p e c tiv e ly . [1]
2 r_2
E - E  = K Z  
1 g 2m.
„ n V
E, =
2m,,
. . . ( 3 . 2 )
w h e re  h =  D ira c ’ s c o n sta n t
k =  B o ltz m a n n ’ s c o n sta n t  
me =  e ffe c t iv e  m ass o f  an  e le c tro n  
ml =  e ffe c t iv e  m ass o f  a  h o le
T h e re fo re , b y  co m b in g  eq u a tio n s  3 .1  an d  3 .2
hv-E„
h k _L _i
Km l+ I
. . . ( 3 . 3 )
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T h e d e n s ity  o f  s ta te s , N, d ire c t ly  a s so c ia te d  w ith  th e se  a l lo w e d  d ire c t tra n s it io n s  is g iv e n  
b y  [1]
w h e re
N(hv) d(hv) = ^ m,2 +  - (hv - Eg Y2 d(hv)
2k n
J_ = J_ + Jl
m„ m* ml
. . . ( 3 . 4 )
T h e  a b so rp tio n  c o e ffic ie n t, a(hv), fo r  a  g iv e n  p h o to n  e n e rg y  hv is d e fin ed  as being  
p ro p o rtio n a l to  th e  p ro b a b ility  o f  th e  tra n s it io n  o c c u rr in g  an d  th e  d e n s ity  o f  in itia l and  
fin a l s ta te s . T h e re fo re  th e  a b so rp tio n  c o e ffic ie n t as  a  fu n c tio n  o f  p h o to n  e n e rg y  c a n  be  
e x p re sse d  as  [1]
a(hv) =  ff (hv - E  Y
w h e re  A * is  g iv e n  b y  [1]
. . . ( 3 . 5 )
( • * \n
2  m em h
V r i + m k)
nch2ml
. . . ( 3 . 6 )  
w h e re  n -  re f ra c t iv e  in d ex
q =  c h a rg e  o n  a n  e le c tro n  
c = v e lo c i ty  o f  ligh t
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S q u a rin g  e q u a tio n  3 .5  g iv e s
a2 = {A'](hv-Eg)
. . . ( 3 . 7 )
S o  w h e n  d  — 0 ,  h v =  Eg. T h e re fo re , th e  e n e rg y  ax is  in te rc ep t o f  th e  lin e a r e x tra p o la tio n  
o f  th e  d  v s . e n e rg y  p lo t g iv e s  th e  v a lu e  o f  th e  d ire c t b an d  g ap . T h is  is i llu s tra te d  in  
fig u re  3 .2 .
F ig u re  3 .2  -  D ire c t b an d  g ap  g ra p h ica l in te rp re ta tio n
3 . 1 . 2  I n d i r e c t  T r a n s i t i o n s
In  o rd e r  fo r  a n  in d irec t tra n s it io n  to  o c c u r  a  ch an g e  in  b o th  e n e rg y  an d  m o m e n tu m  is 
re q u ire d . T h ere  a re  tw o  c o n trib u tin g  e v e n ts  th a t m u st h a p p e n  to  re su lt  in  an  in d irect  
tra n s it io n , as  a  p h o to n  c a n n o t p ro d u c e  a  ch an g e  in  m o m en tu m . A  p h o n o n  in te ra c tio n
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o c c u rs  to  e n su re  a  c o n s e rv a t io n  o f  m o m en tu m . F ig u re  3 .3  s h o w s  a n  in d irec t t ra n s it io n  
u tilis in g  a  p h o n o n  o f  c h a ra c te r is tic  e n e rg y  rtsft, w h ic h  is e ith e r e m itte d  o r  a b so rb ed . [1]
Theory
F ig u re  3 .3  - A b s o rp tio n  tra n s itio n s  b e tw e e n  tw o  in d ire c t v a lle y s
T h e  tw o  p ro c e sse s , u tilis in g  e ith e r th e  a b so rp tio n  o r  e m iss io n  o f  a  p h o n o n , a re  d e fin ed  b y  
eq u a tio n s  g iv e n  in  3 .8 .  [ 1 ]
hve = E f -E, + E pk
hva = £ / - £ < -  +
. . .  ( 3 .8 )
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T he d e n s ity  o f  s ta te s  a t th e  in itia l e n e rg y  E, is  g iv e n  b y  [1]
^ ( £ ' ) = i f t r M y 2 l£ U
. . . ( 3 . 9 )
an d  so  th e  d e n s ity  o f  s ta te s  a t th e  fin a l e n e rg y  Ef is g iv e n  b y  [1]
N ( E R  = 2 ~ E A A
. . . ( 3 . 1 0 )
S u b stitu tin g  eq u a tio n s  g iv e n  in  3 .8  in to  3 . 1 0  g iv e s
N(Ef) =  ml ft(hv-Eg * E ph + E, ft
. . . ( 3 . 1 1 )
T h e  a b so rp tio n  c o e ffic ie n t is p ro p o r t io n a l to  th e  p ro d u c t o f  th e  d en s ity  o f  s ta te s  a t th e  
in itia l an d  fin a l en erg ies , E, an d  Ef (g iv e n  in  3 .9  an d  3 . 1 1 ,  re s p e c tiv e ly )  in te g ra ted  o v e r  a ll 
p o ss ib le  c o m b in a tio n s  o f  s ta te s  sep a ra ted  b y  hv±Eph.
T h e a b so rp tio n  c o e ffic ie n t c o rre sp o n d in g  to  a n  a b so rb e d  p h o n o n , aa, is  fo u n d  to  b e  [1]
A(hv-
« . ( » v ) = " v , r  7  *
ph .
ex p  — —  1 
kT
fo r  hv> Eg - Eph 
. . . ( 3 . 1 2 )
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an d  th a t c o rre sp o n d in g  to  a  p h o n o n  e m issio n , ae, is g iv e n  b y  [1]
ae(hv) =
1 f EU1 -  e x p ---------
\  j
fo r  h v > Eg + Eph 
. . .  ( 3 . 1 3 )
In  th e  re g io n  hv> Eg + Eph b o th  p h o n o n  em iss io n  an d  p h o n o n  a b so rp tio n  a re  p o ssib le . 
T h e re fo re , w h e n  hv> Eg + Eph th e  a b so rp tio n  c o e ffic ie n t, a(hv), is  g iv e n  b y  th e  su m  o f  
th e  c o n trib u tio n  fro m  p h o n o n  em issio n , ae(hv), an d  p h o n o n  a b so rp tio n , aa(hv). [1]
a(hv) = a a (hv) + ae(hv)
fo r  hv> Eg + EPh 
. . .  ( 3 . 1 4 )
B y  c o n s id e ra tio n  o f  e q u a tio n s  3 . 1 2 ,  3 . 1 3  an d  3 . 1 4  it c a n  b e  seen  th a t th e  g ra p h ica l  
in te rp re ta tio n  o f  th e  b an d  g ap  is n o t as s im p le  as  in  th e  ca se  o f  th e  d ire c t tra n s itio n s . F o r  
a  p lo t  o f  a(hv)/2 ag a in st e n e rg y  o f  in cid en t p h o to n  hv, th e  x -a x is  in te rc e p t is g iv e n  b y  
Eg ± E ph. T his is  illu s tra te d  in  fig u re  3 .4 .
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F ig u re  3 .4  - In d irec t b an d  g ap  g ra p h ica l in te rp re ta tio n
3 . 2  A b s o r p t i o n  B e l o w  t h e  F u n d a m e n t a l  F d g e
Id e a lly , th e  v a r ia t io n  o f  th e  sq u a re d  a b so rp tio n  c o e ffic ie n t w ith  e n e rg y  o n  a  sem i 
lo g a rith m ic  p lo t  sh o u ld  b e  o f  th e  fo rm  s h o w n  in  th e  th e o re t ic a l c u rv e  o f  fig u re  3 .5 .  T h e  
e x p erim e n ta l c u rv e , h o w e v e r , is g e n e ra lly  th e  sh ap e  o b s e rv e d , w ith  a  d is tin c t d e v ia tio n  at 
lo w  in cid en t p h o to n  en erg ies . [ 1 ]
31
Jane Sharpe
Theory
E n e rg y  (e V )
T h e o re tic a l
E x p e rim en ta l
F ig u re  3 .5  -  T y p ic a l a b so rp tio n  ed g e  p re d ic te d  an d  o b s e rv e d
T h e d e v ia tio n  fro m  th e  id e a l c h a ra c te r is t ic  c u rv e  is d u e  to  a b so rp tio n  b e lo w  th e  b an d  gap  
o f  th e  m a te ria l. T h is is d u e  to  d e fe c t s ta te s  cau sin g  ban d  ta ils  to  e x te n d  in to  th e  fo rb id d e n  
e n e rg y  g ap , w h ic h  is illu s tra te d  in  fig u re  3 .6 .  [ 1 ,2 ]
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F ig u re  3 .6  -  A b s o rp tio n  d u e  to  ta il s ta te s  
( illu s tra te d  b y  c o n s id e rin g  a  tra n s it io n  to  th e  c o n d u c tio n  b an d  ta il)
U rb a c h  [3] re p o rte d  th e  f irs t  o b s e rv a tio n  o f  th is  b e lo w  gap  a b so rp tio n , w h ic h  w a s  la te r  
fu r th e r  a n a lysed  an d  e x p la in e d  [ 1 ,2 ,4 ] .  T h e  “U rb a c h  ta il” , as it is c o m m o n ly  k n o w n , 
re su lts  in  an  e x p o n e n tia lly  in creasin g  a b so rp tio n  ed g e  at lo w  en erg ies , c h a ra c te r ise d  b y  
e q u a tio n  3 .1 5 .
diffa) _  1 
d(Ep) ~ Tr
. . . ( 3 . 1 5 )
w h e re  Ep = E n e rg y  o f  in cid en t p h o to n
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T h e U rb a c h  ta il w id th  c a n  b e  d e te rm in e d  b y  c o n s id e ra tio n  o f  th e  e x p o n e n tia l d e c a y  o f  th e  
a b so rp tio n  c o e ffic ie n t p lo t  in  th e  re g io n  w h e re  E p < E g. T h is  is illu s tra te d  in  fig u re  3 .7 .
ta il w id th
F ig u re  3 .7  -  G ra p h ic a l d e te rm in a tio n  o f  th e  U rb a c h  ta il w id th  
u tilis in g  th e  a b so rp tio n  c o e ffic ie n t c h a ra c te r is tic  
in  th e  re g io n  o f  lo w  p h o to n  e n e rg y  (E p <  E g)
T he m a g n itu d e  o f  th e  U rb a c h  ta il w id th  c a n  be  u se d  to  g iv e  an  in d ic a tio n  o f  s tru c tu ra l 
q u a lity . A n y  s tru c tu ra l ch an g es, d u e  to  p o s t  fa b ric a tio n  p ro c e ss in g  c o n d itio n s , c a n  be  
id en tified  and tra c k e d  b y  m o n ito r in g  th is  v a r ia b le .
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3 . 3  B a n d  G a p  V a r i a t i o n  w i t h  M e a s u r e m e n t  T e m p e r a t u r e
A s  th e  te m p e ra tu re  o f  a  se m ic o n d u c to r in c re a ses , tw o  m ech an ism s a re  re sp o n s ib le  fo r  th e  
re su ltin g  e ffe c t  o n  th e  b an d  g a p ; th e rm a l d ila ta tio n  o f  th e  la ttice  an d  e le c tro n -p h o n o n  
in te ra c tio n . T he te m p e ra tu re  c o e ffic ie n t a t c o n sta n t p re ssu re  is g iv e n  b y  [2]
( dEA 'dE. P dEn
dT Jp \ST )v X \ 3 P  )T
( 3 . 1 6 )
w h e re  (3 - c o e ffic ie n t o f  v o lu m e  e x p a n sio n  
X = v o lu m e  c o m p re ssib ility
T h e  firs t te rm  a rise s  s o le ly  fr o m  e le c tro n -p h o n o n  in te ra c tio n  w h ils t  th e  seco n d  is th e  
re su lt o f  th e rm a l e x p a n s io n  o f  th e  la ttice . T yp ica lly , th e  c o n tr ib u tio n  fro m  th e  la ttice  
e x p a n s io n  is o f  th e  o rd e r  o f  2 5 % , an d  th e  e ffe c t  o f  th e  e le c tro n -p h o n o n  in te ra c tio n  is  
th e re fo re  th e  d om in an t fa c to r . [ 1 ,2 ,5 ]  A t  te m p e ra tu re s  b e lo w  th e  D e b y e  te m p e ra tu re  
th e o re t ic a lly  th e  b and  g ap  v a r ie s  w ith  th e  sq u a re  o f  th e  te m p e ra tu re , an d  a b o v e  th e  D e b y e  
te m p e ra tu re  th e re  is a  lin e a r d ep e n d en ce  [5].
In  m o st sem ico n d u c to rs  th e  b an d  g ap  d e c re a se s  w ith  in creasin g  te m p e ra tu re , h o w e v e r  th e  
lead  ch a lco g en id es  a re  an  e x c e p tio n  to  th is. [2]
T h e  e ffe c t  o f  te m p e ra tu re  o n  th e  b an d  g ap  o f  m a n y  sem ico n d u c to rs  (e .g . S i, G e , G a A s ,  
In P , In A s)  c a n  b e  f itte d  to  th e  sem i-em p irica l e x p re ss io n  su g g este d  b y  V a rs h n i [5 ] , and  
g iv e n  in  e q u a tio n  3 .1 7 .
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E  (t )=E ( 6 ) - ^ —
g W  g W  T + B
. . . ( 3 . 1 7 )
w h e re  A , B  = em p irica l co n sta n ts
B  ~  O K D e b y e  te m p e ra tu re
T h e sp ec ific  v a lu e s  o f  th e  c o n s ta n ts  A  an d  B  a re  c h a ra c te r is tic  o f  th e  se m ico n d u c to r  
m a te ria l, b u t a re  g e n e ra lly  in  th e  o rd e r  o f  10"4 an d  1 0 2 re s p e c tiv e ly  [ 1 ,2 ,5 ] .  R e lia b le  
e x p erim e n ta l d a ta  a t b o th  h ig h  a n d  lo w  te m p e ra tu re s  is re q u ire d  to  g ain  a  re a so n a b le  
estim a te  o f  th e  v a lu e  o f  B, w h e re a s  A  c a n  b e  d e riv e d  fro m  m e re ly  h ig h  te m p e ra tu re  re su lts  
alo n e . [2]
O ’D o n n e ll e t al. [6] n o te  th a t th e  V a rs h n i re la tio n sh ip  [5] p re d ic ts  a  q u ad ra tic  te m p e ra tu re  
d ep e n d en ce  o f  th e  b an d  g ap  at lo w  te m p e ra tu re s , w h e re a s  it is o b s e rv e d  e x p e rim e n ta lly  
th a t th e re  is little  d ep en d en ce . T h e y  p ro p o s e d  [6] a  th re e  p a ra m e te r m o d e l b a se d  o n  
th e rm o d y n a m ic s  as  a n  a lte rn a tiv e  to  th a t o f  V a rs h n i (e q u a tio n  3 . 1 7 )  [5]. T h e  e q u a tio n  
th e y  su g g este d  is g iv e n  in  e q u a tio n  3 . 1 8 ,  b e lo w .
Efi) = Es(p)-S{hw)
 ^ (ho))
c o th - — -  - 1  
2  kT
( 3 . 1 8 )
w h e re  Eg(0) =  b an d  g ap  a t OK
(hco) = a v e ra g e  p h o n o n  e n e rg y
S  =  d im en sio n le ss  c o u p lin g  c o n sta n t
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A t  lo w  te m p e ra tu re s , kT «  (hco), th e  b an d  g a p  d ep en d en ce  o n  te m p e ra tu re  is m in im al an d  
a t th e  lim it Eg - »  Eg(0). A t  h ig h  te m p e ra tu re s , kT »  (hco), Eg-> Eg(0) -  2SkT an d  th e  s lo p e  
o f  th e  Eg v s . T  c u rv e s  a p p ro a c h  th e  lim itin g  v a lu e  g iv e n  in  e q u a tio n  3 . 1 9 .  [6]
d E f  
\dT j
= - 2  Sk
. . . ( 3 . 1 9 )
A n  a lte rn a tiv e  m o d e l, k n o w n  as  th e  E in ste in  m o d e l, w a s  p ro p o s e d  b y  C o d y  in  [7 ]. T h is  
e x p re ss io n  is g iv e n  in  e q u a tio n  3 .2 0 .
. . .  ( 3 .2 0 )
w h e re  K  =  te m p e ra tu re  in d ep en d en t co n s ta n t  
0 e  -  E in ste in  te m p e ra tu re
T h ese  tw o  m o d e ls  a re  m a th e m a tic a lly  e q u iv a le n t an d  th e  c o n s ta n ts  in tro d u ce d  in  b o th  
e x p re ss io n s  c a n  b e  re la te d , as  d e m o n stra te d .
S(ha>) coth 2 kT S(ha>)
(  e (t,a>)/2kT +  e -(tm)/2kT
{*n)/2IT _ g -(tw)/2kT  _ 1
/
2e= s(na>)
=  5  +  y,mykT
-(h<a)/2kT 8
(tico)/2kT _  ~(tico)/2kT 
\e e J
o  A
-I)
. . . ( 3 . 2 1 )
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T h e T h erm o d yn a m ic  m o d e l (e q u a tio n s  3 . 1 8  an d  3 .2 1 )  b e co m e s  d ire c t ly  e q u iv a le n t to  th e  
E in ste in  m o d e l (e q u a tio n  3 .2 0 )  i f  th e  fo llo w in g  co n d itio n s  a re  satis fied .
K = 2 S(
e  0 ° )
E k
. . .  ( 3 .2 2 )
3 . 4  T r a n s m i s s i o n  E l e c t r o n  M i c r o s c o p y  ( T E M )
W h e n  a n  e le c tro n  b e a m  is in cid en t o n  a  sam p le  th e re  a re  s e v e ra l th in g s  th a t c a n  h ap p en . 
T h e e le c tro n  c a n  b e  b a c k sc a tte re d , a b so rb e d , tra n sm itte d  o r  d iffra c te d . E a ch  o f  th ese  
p ro c e s s e s  a re  u tilised  in  v a r io u s  e x p e rim e n ta l an a lysis  te c h n iq u e s  to  y ie ld  sp ec ific  
m a te ria ls  in fo rm atio n . W h e n  th e  e le c tro n  m ic ro sc o p e  is u se d  in  tra n sm iss io n  th e  
d iffra c te d  and  tra n sm itte d  e le c tro n s  a re  s tu d ied . [ 8 - 1 0 ]
T ra n sm iss io n  E le c tro n  M ic ro s c o p y  is u se d  to  y ie ld  tw o  ty p e s  o f  in fo rm a tio n ; a  m ag n ified  
im ag e  an d  a  d iffra c tio n  p a tte rn  o f  th e  sam p le . T h e  m ag n ified  im ag e  is v ie w e d  b y  u sin g  a  
se rie s  o f  len ses to  e n la rg e  th e  im age. In  o rd e r  to  o b s e rv e  th e  d iffra c tio n  p a tte rn  th e  
in te rm ed ia te  len s  is fo c u se d  o n to  th e  b a c k  fo c a l p la n e  o f  th e  o b je c tiv e  lens.
3 . 4 . 1  E l e c t r o n  D i f f r a c t i o n
A  d iffra c tio n  p a tte rn  is a  re p re s e n ta tio n  o f  th e  sam p le  in  te rm s  o f  its  re c ip ro c a l la ttic e  (i.e . 
th e  la ttice  a sso c ia te d  w ith  th e  sam p le  in  F o u rie r  sp ace). A  p la n e  in  a  c ry s ta l la ttice  
c o rre s p o n d s  to  a  sp o t in  F o u rie r  sp ac e . T h e re fo re  a  p e rfe c t s in g le  c ry s ta l sam p le  (i.e . a  
se ries  o f  re g u la r ly  sp a c ed  la ttice  p la n e s)  w il l  re su lt in  a  c h a ra c te r is t ic  a rra n g em en t o f
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spots in the reciprocal lattice. If the sample consists of a small number of grains then the 
diffraction pattern will be the combination of each individual pattern. For a 
polycrystalline structure these spots merge and form concentric circles at specific radii. 
[8]
B y  analysis of the crystalline diffraction pattern, indexing of the dots to the originating 
lattice plane can be carried out. C o m m o n l y  the method employed is to use the value of 
the Camera Constant L l , where L =  distance from the specimen to the camera film, and X 
=  electron wavelength. [8]
Figure 3.8a and b shows a typical pattern resulting from a polycrystalline and a crystalline 
region, respectively.
© ©
n  T v
©
ri
©
(b)
Figure 3.8 - Types of diffraction patterns arising from
(a) A  polycrystalline region, (b) A  single crystal
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The measured distances rj, r2, n  . . . are connected to the lattice spacings by the equation 
3.23. [8-10]
For a polycrystalline diffraction pattern (figure 3.8a) the radii of the rings are measured, 
and using equation 3.23, the corresponding d  spacings of the planes giving rise to these 
rings are calculated. Patterns resulting from different orientations of the sample together 
with standard reference tables listing d spacings of thousands of materials can then be 
used to determine the structural phase of the sample. [8]
If the camera constant LX and lattice constants a, b and c are k n o w n  then one procedure 
for the analysis of a single crystal diffraction pattern would be to measure the spot 
distances r\, r2) r2... and the angle (p which two spots subtend at the undififracted spot. 
Equation 3.23 is used to calculate the d spacings. The general indices of an orthorhombic 
structure are determined using successive iterations for the values of h, k, and I in 
equation 3.24 until a solution fit is found. [8]
consideration of the angle subtended at the centre spot.
The orientation of the sample, i.e. the crystallographic direction parallel to the beam, is 
calculated using the vector cross product of the indexed planes.
rd =  LX
... (3.23)
... (3.24)
Once the general indices have been found, the particular indices can be determined by
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C h a p t e r  4 
E x p e r i m e n t a l  M e t h o d s
Prior to this work implantation had never been used to fabricate R u 2Si3. The processes 
and methods employed to fabricate the three wafers characterised in this project are 
detailed in section 4.1.
Optical methods of analysis were used to characterise the samples. Absorption 
measurements give an initial indicator as to the sample quality and allow values of band 
gap and absorption coefficient to be determined. The nature of the band gap can also be 
confidently predicted. The experimental set-up and the specific conditions used are 
detailed followed by the method of analysis of the raw data used to quantify the variables.
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4.1 Implantation of Ruthenium into Silicon
Significant research effort has been carried out in the Ion B e a m  Centre at the University 
of Surrey, directed towards fabricating R u 2Si3 by the implantation of ruthenium ions into 
a silicon substrate.
Initially, the vaporisation of Ru B r 3 was considered. This led to an overwhelming yield of 
bromine and insufficient ruthenium to provide a suitable beam current. A  metallic 
deposit remained in the source after the attempted implantation run.
The subsequent route pursued was the use of a pressed ruthenium sputter source. 
Ruthenium sponge was machine compacted into a mild steel bucket of -  1cm2 cross 
sectional area. Several days were spent trying to implant ruthenium using this material, 
with the source opened and experimental conditions modified a number of times in order 
to achieve the implanted sample. This sputter source, used in a High Voltage Engineering 
2 M V  implanter, yielded the first R u 2Si3 material ever fabricated by ion implantation. 
This material is referred to as Wafer 1 throughout this dissertation.
The next aim was to fabricate a sample using a Danfysik 1090 implanter at a lower 
energy and under external substrate heating. The sputter source used in this machine is 
circular, of approximately 6 c m  diameter.
Initially, 6 mild steel buckets containing pressed ruthenium sponge were embedded into 
the stainless steel plate. During the attempted implantation the ruthenium formed a 
eutectic with the stainless steel. The plate was eroded, holes formed, and the source 
destroyed.
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The sputter source used in the Danfysik implanter is asymmetric in the vertical plane, as 
shown in figure 4.1a.
The first ruthenium sputter source that was fabricated is shown in figure 4.1b. It 
consisted of a simple ruthenium disc, but resulted in a change in the optics and relative 
positions of the source to the filament and discharge plates. This situation was rectified 
by the use of a modified source, shown in figure 4.1c. The ruthenium disc is recessed 
within the mild steel plate, maintaining the desired shape of sputter source.
a t e
Figure 4.1a. -  Side view of sputter source used in Danfysik implanter 
b. -  First ruthenium disc used as sputter source 
c. - Modified sputter source showing recessed ruthenium disc (Shaded area)
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The configuration of sputter source incorporating a recessed disc (figure 4.1c) was used to 
fabricate the second and third implanted samples. These are referred to as Wafer 2 and 
Wafer 3 respectively.
During implantation several problems hindered experimental progress and lengthened the 
time required to approximately 12 hours. The main cause was the condensation of 
ruthenium on the inside surfaces of the arc chamber and extraction electrodes. The 
ruthenium which was deposited on the extraction electrode built up to form metallic peaks 
which caused significant sparking and eventually shorted out the source.
The size of the implanted area was limited by the minimal beam current achieved. The 
m a x i m u m  feasible apertures were ~  1 cm x 1cm for Wafer 1, ~  4.5cm x 4.5cm for Wafer 
2, and ~  5 c m  x 5 c m  for Wafer 3.
4.2 Optical Absorption in Transmittance
In order to ascertain the absorption coefficient, band gap nature and magnitude the 
experimental method of optical absorption in transmittance is used. The absorption of the 
material is inferred by detecting the transmitted intensity and minimising scattering and 
contributions from external reflections.
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The absorption coefficient a  is defined by equation 4.1.
...(4.1)
where / =  transmitted radiation 
l o — incident radiation 
a — absorption coefficient 
t =  thickness of absorbing layer
If the energy of the incident radiation is less than the band gap then the incident photon 
will pass straight through, however for those photons with larger energies (i.e. shorter 
wavelengths) the incident photon will result in the generation of an electron hole pair. 
Therefore the energy of the incident particle will not be transmitted to the detector and the 
yield at that wavelength will be diminished, corresponding to the photon being ‘absorbed’ 
by the sample.
If the substrate were analysed in isolation then the absorbing effects from both the silicide 
layer and the silicon substrate would be detected. For this reason a piece of the 
originating substrate (which has undergone the same temperature and chemical 
treatments) is also measured and the resulting spectrum used to normalise the implanted 
sample raw data. This ensures that any contributions from the silicon substrate are 
removed before the data is analysed.
If it is assumed that the intensity of the light transmitted by the substrate acts as the 
control and can be representative of /#, and the transmission from the sample is /, then the 
discrepancy between I q and I  is solely due to the absorption of the silicide layer (as this is
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the only difference between the substrate and sample), lo and I  both vary with incident 
photon energy, so a  is calculated as a function of wavelength (and ultimately energy in 
eV).
The experimental configuration is shown in figure 4.2 and uses a white light source and a 
series of diverging and converging lenses. A  tungsten filament lamp was used as the light 
source providing continuous wavelengths from visible to approximately 2.5jam. The light 
beam was chopped and focused into the cryostat. The sample was mounted in a 
continuous flow cryostat to enable a constant and controllable temperature environment to 
be maintained. Liquid nitrogen was used to cool the sample for the low temperature 
measurements.
The spectrometer scans across the wavelength range of interest and the PIN diode detects 
the intensity of transmission at each wavelength. The data of intensity variation in jaV 
against wavelength in n m  is recorded and stored for future analysis. Care should be taken 
not to interpret the H 20  atmospheric absorption as a feature of the sample, which is 
apparent at 1.3 jam.
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Figure 4.2 - Optical absorption experimental set-up
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“Winphoto” is a dedicated piece of software specifically designed to analyse and 
manipulate these output files, both from photoluminescence and absorption 
measurements. A  C-program has been designed and written which takes the raw data text 
files (converted using Winphoto) and carries out the calculations.
F r o m  equation 4.1 it can be seen that the absorption coefficient can be expressed as
t
... (4.2)
The nature of the band gap can be determined by consideration of the c l and c l12 plots 
against energy, as detailed in chapter 3. Therefore a numerical manipulation of the raw 
data followed by a graphical interpretation yields the nature and magnitude of the band 
gap.
4.2.1 Analysis of Absorption Raw Data
Figure 4.3 shows the raw data collected by the absorption analysis equipment. The 
sample trace is below the substrate trace for all wavelengths. The absorption can be seen 
by comparing the sample and the substrate yield. At lower wavelengths (less than 
1300nm) a diminished sample trace is indicative of the implanted region absorbing a 
fraction of the incident radiation.
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Figure 4.3 - Substrate and sample raw data
The substrate trace is divided by the sample trace and the wavelength is converted into 
energy, using the fact that the product of wavelength in nanometres and energy in 
electron-volts equals 1240. The resulting plot with varying energy (in eV) is shown in 
figure 4.4 overleaf.
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The natural logarithm o f the ratio o f the substrate to the scaled sample intensities is then 
calculated, and figure 4.5 shows this plot.
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The value o f the y-axis in figure 4.5 is equivalent to the absorption coefficient multiplied 
by the thickness, therefore i f  this value is divided by the thickness o f the silicide layer 
then the resulting plot w ill be that o f the absorption coefficient with varying energy.
The thickness o f the silicide layer must now be calculated.
The lattice constants are a = 11.057A, b = 8.934A, and c = 5.530A [1]
=> volume o f one unit cell = 11.057 x 10'8 x 8.934 x 10'8 x 5.530 x 10'8
= 5.463 x 10'22 cm3 / unit cell 
One unit cell contains 40 atoms; 16 ruthenium and 24 silicon [2]
=> 8 molecules o f Ru2Si3 / unit cell
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The implant dose was 5.67 x 1016 Ru / cm2, now assuming that all this implanted 
ruthenium combines w ith the excess silicon to form Ru2Si3 molecules
5.67 x 1016 Ru / cm2 = 2.835 x 1016 molecules o f Ru2Si3 / cm2 
2 Ru / Ru2Si3 molecule 
=> 2.835 x 1016 molecules o f RibSh / cm2 = 3.544 x 1015 unit cells / cm2 
8 molecules o f Ru2Si3 / unit cell
Therefore
3.544 x 1015 unit cells / cm2 x 5.463 x 10‘22 cm3 / unit cell 
= 1.9 x 10"6 cm 
» 200A
This calculation evaluates the effective thickness formed assuming all the implanted 
ruthenium combines w ith the silicon to form the Ru2Si3 compound (i.e. no other 
ruthenium-silicon compounds are formed, all the ruthenium atoms have been incorporated 
and there are no isolated ruthenium atoms remaining after annealing).
Once 2 x 10“6 cm has been inputted into the computer program the plot o f absorption 
coefficient w ith varying energy can be obtained. This is shown in figure 4.6.
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The minimum o f the absorption coefficient plot is found, ignoring any noise spikes which 
may be present in the raw data, and used to scale the trace so that the x-axis coincides 
with this point. This scalar offset is included to ensure that the absorption is zero at low 
energies o f incident photon. Figure 4.7 shows the shifted alpha variation with energy.
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Figure 4.7 -  Shifted absorption coefficient plot
The nature o f the band gap can be confirmed by consideration o f the cC and o l2 plots [3], 
where the value o f a  is considered to be that shown in figure 4.7. These two plots for this 
sample are shown in figure 4.8a and 4.8b respectively.
In order to determine the nature o f the band gap the shapes o f the 0  and oJ 2 plots are 
considered. I f  the band gap is direct then the or plot can be approximated by a linear 
section with an exponential tail, i f  it is indirect then the o l/2 plot w ill be in this form. [3]
As can be seen in this case the plots in figure 4.8 show that the band gap is direct. The 
magnitude is found by linear extrapolation o f the high energy section until the x-intercept 
is found. This axis crossing point gives the value o f the band gap.
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Figure 4.8a - Square o f absorption coefficient vs. Energy
Energy (eV)
Figure 4.8b -  Square root o f absorption coefficient vs. Energy
Figure 4.8 - Plots used to determine the nature and magnitude 
o f the band gap o f the active layer
56
Jane Sharpe
E xperim enta l M ethods
References - Experimental Methods
[1] F.Weitzer, J.C.Schuster, J.Solid State Chem. 70 (1987) 178
[2] W.Wolf, G.Bihlmayer, S.Blugel, Phys.Rev.B55 (1997) 6918
[3] J.I.Pankove, Optical Processes in Semiconductors, Dover (1975)
57
Jane Sharpe
Results
C h a p t e r  5 
Results
The structural and optical characteristics for three wafers containing Ion Beam 
Synthesised layers o f Ru2Si3 are detailed.
The structural and optical properties o f each as-implanted wafer are given initially in each 
section, followed by the effect o f annealing. The effect o f varying measurement 
temperature on the optical absorption properties is given for each sample. A ll optical 
absorption experiments have been carried out on a number o f occasions to verify 
experimental reproducibility.
5.1 Wafer 1
Wafer 1 was the result o f a significant research activity to fabricate the Ru2Si3 compound 
using Ion Beam Synthesis. A  HVE 2MV implanter was used to synthesise the material 
under the implantation conditions detailed in figure 5.1.
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Energy: IM eV
Dose: 5.67 x 1016 Ru+ cm'2
Temperature: beam heated
Figure 5.1: Implantation conditions for Wafer 1
These implantation conditions (figure 5.1) are predicted [1] to give the peak ruthenium 
concentration at a depth o f -5000A.
The theoretical stoichiometric continuous layer formed from an implanted dose o f 
5.6 x 1016 Ru+ cm"2 would be 200A (2 x 10'6 cm) thick. (Using the method detailed in 
Chapter 4).
5.1.1 Sample Positions on Wafer 1
The implanted region is shown shaded in figure 5.2 and measured approximately 
20mm x 20mm and was cleaved into four pieces. In figure 5.2 the surrounding silicon is 
unshaded and so appears white.
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Samples 1 and 9 were used in the annealing study, with sample 4 being used for the as- 
implanted Rutherford Back Scattering experiment.
Pieces 3 and 6 were used in a second study in order to consider the effect o f annealing 
temperature on the band gap closely using a longer anneal duration. The variation o f 
band gap with measurement temperature was recorded with these samples.
5.1.2 Structure of Wafer 1 as-implanted
The Rutherford Back Scattering (RBS) profile (not included) shows the as-implanted 
wafer contains a Gaussian distribution o f ruthenium atoms which peaks at a depth o f 
approximately 5000A.
The TEM image (figure 5.3) o f the as-implanted wafer shows the existence o f a well 
defined amorphous layer, which extends from the surface to a depth o f 9000A.
Jane Sharpe
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Figure 5.3 -  TEM micrograph o f Wafer 1 as-implanted
Elemental analysis shows that the upper part o f the amorphous layer is composed o f a 
mixture o f ruthenium and silicon with the ruthenium distribution following that observed 
in the RBS profile.
X-ray and electron diffraction studies reveal that the upper part o f the “ amorphous” 
region is composed o f small precipitates o f orthorhombic Ru2Si3 surrounded by 
amorphous silicon. The lower part o f the amorphous region (below 6000A) is made up o f 
amorphous silicon.
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5.1.3 Optical Properties of Wafer 1 as-implanted
Optical absorption measurements o f the as-implanted structure yield a direct band gap 
below the silicon edge, showing clearly that a new semiconducting phase has been 
formed.
The squared product o f the absorption coefficient (a) and thickness (/) versus energy is 
shown in figure 5.4. The absolute value o f absorption coefficient can not be meaningfully 
quoted as there is no discernible semiconducting layer for which to measure the thickness 
t, which is required to enable the absolute value o f a vs. energy to be plotted.
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5.1.4 Effect of Annealing on the Structural Properties of Wafer 1
Samples 1 and 9 were sequentially annealed in an 18 lamp optical furnace for 1 hour at 
each temperature. The annealing temperature was increased from 100°C to 1100°C in 
50°C increments.
Upon annealing, the regrowth o f the amorphous layer occurs resulting in the formation o f 
a polycrystalline matrix. The TEM micrograph for the sample sequentially annealed up 
to 1100°C (figure 5.5) shows small islands o f polycrystalline orthorhombic Ru2Si3 within 
a matrix o f polycrystalline silicon. These precipitates were typically in the order o f 50A 
in diameter and occur at a depth coinciding with the peak o f the implanted ruthenium 
distribution.
Scale:
5000A
smallprecipitates of Ru2Si3
Figure 5.5 -  TEM micrograph o f Wafer 1 
sequentially annealed up to 1100°C
63
Jane Sharpe
Results
5.1.5 Effect of Annealing on the Optical Properties of Wafer 1
After each successive anneal on samples 1 (implanted region) and 9 (unimplanted region), 
optical absorption measurements were carried out and the magnitude o f the resulting band 
gap determined.
A plot o f absorption coefficient a against energy is shown in figure 5.6 for the sample 
annealed sequentially up to 900°C. The magnitude o f absorption coefficient has been 
determined by using the theoretical thickness o f 200A.
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The corresponding plot o f a2 is shown in figure 5.7, indicating clearly the direct nature o f 
the band gap. For this specific sample a value o f ~ 0.885eV is yielded for the band gap.
Figure 5.7 - Absorption coefficient squared vs. Energy plot 
for Wafer 1 annealed sequentially up to 900°C
The effect o f varying the annealing temperature from 100°C -  1000°C on the magnitude 
o f the resulting direct band gap is summarised in figure 5.8. Each sample was measured 
at 80K and 300K, and both these plots are shown.
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Annealing Temperature (°C)
Figure 5.8 -  Magnitude o f direct band gap as a 
function o f annealing temperature
♦ 80K 
■ 300K
5.1.6 Effect of Measurement Temperature on the Optical Properties of 
Wafer 1
Samples 3 and 6 were cleaved into two pieces to be used in this study. One portion o f 
each sample (to be referred to as 3a and 6a) was annealed in nitrogen ambient for 
18 hours at 650°C, while the second half (3b and 6b) was annealed in the same ambient at 
1100°C for 18 hours.
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Samples 3b and 6b did not yield a band gap below that o f silicon on numerous repeated 
experimental occasions.
Samples 3a and 6a gave a band gap below that o f silicon, in the order o f 0.89eV. The 
measurement temperature was varied from 80K -  300K in 20K increments, with the 
experiment carried out on three separate occasions. The effect o f measurement 
temperature on the resulting band gap is summarised in figure 5.9.
Measurement Temperature (K)
Figure 5.9 - Magnitude o f direct band gap as 
a function o f measurement temperature
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5.2 Wafer 2
In  order to avoid amorphisation during implantation, the second ruthenium implant was 
carried out at an elevated temperature using a heated sample holder. A  much shallower 
structure was fabricated using the conditions listed in figure 5.10.
Energy: 195keV
Dose: 4.25 x 1016 Ru+ cm 2
Temperature: -  600°C
Figure 5.10: Implantation conditions for Wafer 2
These implantation conditions are predicted [1] to give rise to a ruthenium distribution 
which extends from the surface and peaks at a depth o f - 1000A.
The theoretical stoichiometric continuous layer formed from an implanted dose o f 
4.25 x 1016 Ru+ cm'2 would be 145A (1.45 x 10'6 cm) thick. (Using the method detailed in 
Chapter 4).
5.2.1 Structure of Wafer 2 as-implanted
RBS measurements carried out on Wafer 2 as-implanted show a Gaussian ruthenium 
distribution (figure 5.11). In  the portion o f the RBS spectrum which can be assigned to 
ruthenium (channel 315 to 365) no channelling was observed. The retained ruthenium
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dose calculated from the RBS measurements was found to be ~ 4.5 x 1016 Ru+ cm'2, 
indicating reasonably accurate dosimetry.
20000
15000
(/)roco 10000 O
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A
C h a n n e l
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Figure 5.11 - RBS profile o f Wafer 2 as-implanted
Analysis o f the raw data, using a package called WiNDF [2], results in a predicted sample 
structure consisting o f a broad region containing ruthenium, with ~ 5 at.% at its peak. 
This is illustrated in figure 5.12.
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Figure 5.12 - Elemental depth profiles in Wafer 2 as-implanted
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The TEM micrograph o f the as-implanted wafer (figure 5.13) shows that no 
amorphisation o f the silicon occurred during implantation. Small precipitates o f Ru2Si3, 
in the order o f 20A, can be detected, within a matrix o f defective single crystal silicon. 
The preferred depth for location o f these precipitates is at ~ 1000A, which coincides with 
the predicted distance.
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Figure 5.13 - TEM micrograph o f Wafer 2 as-implanted
The formation o f the required silicide, Ru2Si3, is confirmed by X-ray and electron 
diffraction studies.
5.2.2 Optical Properties of Wafer 2 as-implanted
Optical absorption measurements clearly show the as-implanted structure to contain a 
direct band gap lower than that o f silicon.
A large number o f experimental occasions yielded a consistently direct band gap o f 
magnitude 0.885eV -  0.890eV at room temperature. Figure 5.14 shows the absorption 
coefficient a vs. energy plot for Wafer 2 as-implanted. In order to determine the values o f
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absorption coefficient, a value o f thickness = 145A (from the thickness calculation in 
chapter 4) has been used.
Energy (eV)
Figure 5.14 - Absorption coefficient vs. Energy plot 
for Wafer 2 as-implanted
The corresponding plot o f a2 vs. energy, showing a direct band gap o f ~ 0.885eV, is given 
in figure 5.15.
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Figure 5.15 - Absorption coefficient squared vs. Energy 
for Wafer 2 as-implanted, 
showing magnitude o f direct band gap
The effect o f measurement temperature on the sample band gap was studied in a separate 
experimental investigation. The temperature o f the continuous flow cryostat was varied 
from 80K to 300K in 20K increments, with each temperature allowed to vary less than 
± 0.05K for T < 100K and ± 0.5K for T > 100K. The results obtained are summarised in 
figure 5.16.
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Figure 5.16 - Band gap variation with measurement temperature 
for Wafer 2 as-implanted
Over the temperature range 100K < T < 280K the band gap lies between 0.865eV -  
0.890eV. The effect o f varying measurement temperature is reproducibly minimal for 
Wafer 2 as-implanted over a number o f experimental occasions.
5.2.3 Effect of Annealing on the Structural Properties of Wafer 2
Upon annealing, the precipitates, that were observed in the as-implanted sample, increase 
in size. This is consistent with the theory o f Ostwald ripening [3] and can be observed in 
the TEM micrograph shown in figure 5.17 o f Wafer 2 annealed at 700°C for 1 hour.
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Figure 5.17 - TEM micrograph o f Wafer 2 annealed at 700°C for 1 hour
After annealing at 700°C for 1 hour the precipitates increase to form inclusions o f Ru2Si3 
ranging in size from 30 -  130A. The precipitates lie in a region 4700A wide at a distance 
o f 550A from the surface. A  large number o f defects in the sample were observed.
When the annealing temperature is increased the precipitate size also increases. The free 
ruthenium lying in neighbouring regions close to the Ru2Si3 precipitates is drawn in to the 
precipitates at the distribution peak, increasing the density o f precipitates in this region. 
This can be observed by comparing the sample annealed at 900°C for 1 hour (figure 5.18) 
with that annealed at 700°C (figure 5.17) and can also be seen in the RBS profiles in 
figures 5.20 and 5.21
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Figure 5.18 - TEM micrograph o f Wafer 2 annealed at 900°C for 1 hour, 
showing growth o f precipitates within a region at a preferred depth 
coinciding with the range o f the implanted ruthenim
Upon a further increase in annealing temperature, to 1100°C, the resulting average 
precipitate size is found to be ~200A. There were no visible defects in the sample. This 
is shown in figure 5.19.
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Figure 5.19 - TEM micrograph o f Wafer 2 annealed at 1100°C for 1 hour, 
showing a further increase in precipitate size, 
up to an average o f - 200A
Figure 5.20 shows the complete RBS profiles o f Wafer 2 annealed at 700°C and 1100°C 
for 1 hour compared to the as-implanted trace. A small feature, attributed to oxygen, can 
be seen at the low energy end o f the 1100°C annealed sample profile.
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Figure 5.20 - RBS profiles o f Wafer 2 annealed at 700°C and 1100°C 
for 1 hour compared to as-implanted
There is no discernible change with annealing on the silicon portion o f the profiles, 
however the increasing precipitate size can be seen by a change in the ruthenium profile. 
The shoulder in the 1100°C profile can be attributed to the growth o f the precipitates at 
the peak o f the ruthenium distribution at the expense o f smaller precipitates in the wings, 
causing a reduction in yield from the outer edges o f the distribution. (Figure 5.21)
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Figure 5.21 - A  comparison o f the ruthenium distribution in 
Wafer 2 as-implanted and annealed at 1100°C for 1 hour
5.2.4 Effect of Annealing on the Optical Properties of Wafer 2
In itia l experiments were carried out to ascertain the optimum annealing duration. The 
annealing temperature was kept constant at 500°C, and the time was increased from 
1 minute up to 18 hours. Optical absorption measurements were carried out to quantify
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the band gap magnitude. The resulting Urbach tail width was used to indicate 
comparative structural quality.
Figure 5.22 shows the magnitude o f direct band gap obtained after anneals o f 1 minute, 
5 minutes, 30 minutes, 1 hour, 5 hours, 10 hours and 18 hours.
Anneal Duration (hours)
Figure 5.22 - Effect o f varying duration o f anneal on band gap magnitude
The variation in band gap magnitude is negligible, and can be considered to be constant 
with a value o f ~0.875eV ± 0.005eV.
The effect on the width o f the Urbach tail is shown in figure 5.23.
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Figure 5.23 - Effect o f varying duration o f anneal on Urbach tail width
The Urbach tail width reduces to a minimum value o f 40meV after a 1 hour anneal and 
then remains around this value after further increases in time.
There is no discernible effect on band gap magnitude as a result o f varying annealing 
duration, however the Urbach tail width can be minimised by the use o f an anneal o f 
1 hour or more. In order to minimise the thermal budget without redundancy, all 
annealing studies used a 1 hour duration.
A sequential annealing study was carried out over the temperature range 300°C -  800°C 
using a constant 1 hour anneal dwell time. A typical plot o f absorption coefficient vs.
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energy is shown in figure 5.24 for the sample annealed sequentially up to 500°C. The 
value o f thickness was taken to be 145A. The corresponding absorption coefficient 
squared characteristic is shown in figure 5.25.
0 . 7 0  0 . 7 5  0 . 8 0  0 . 8 5
Energy (eV)
0 . 9 0 0 . 9 5 1.00
Figure 5.24 - Absorption coefficient vs. Energy for Wafer 2 annealed 
sequentially up to 500°C
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Figure 5.25 - Absorption coefficient squared vs. Energy 
for Wafer 2 annealed sequentially up to 500°C
The effect o f changing the annealing temperature on the resulting band gap is summarised 
in figure 5.26.
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Annealing temperature (°C)
Figure 5.26 - Band gap variation with annealing temperature
o f Wafer 2
The effect o f annealing temperature is minimal, and can be considered to be constant 
within the range 0.877eV ± 0.005eV across this range o f anneal temperatures.
The corresponding variation in Urbach tail width with annealing temperature is illustrated 
in figure 5.27.
The width o f the Urbach tail appears to reduce with increased annealing temperature, as 
would be expected, up to the anneal at 600°C. After annealing at 650°C for 1 hour, the 
Urbach tail width increases significantly, coinciding with the onset o f a structural change
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indicated by the subsequent disappearance o f the below silicon band gap at the 700°C 
anneal.
Annealing Temperature (°C)
Figure 5.27 - Urbach tail variation with annealing temperature
o f Wafer 2
After annealing at temperatures greater than ~ 700°C the raw data traces start to coincide,
i.e. the same intensity is transmitted across all wavelengths through both the implanted 
sample and base substrate. This indicates that the over-riding structural contribution is 
the silicon band edge and the band gap corresponding to the silicide has moved to above 
that o f silicon. This observation is confirmed by a number o f single anneals carried out 
on as-implanted material at temperatures above 700°C to clarify whether the initial 
observation was the result o f a cumulative effect o f the sequential annealing study.
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5.2.5 Effect of Measurement Temperature on the Optical Properties of 
Wafer 2
The effect o f varying measurement temperature was carried out on a sample annealed at 
500°C for 1 hour. The cryostat was liquid nitrogen cooled to 80K, and measurements 
were taken every 20K after the temperature had stabilised to within ± 0.05K for T < 100K 
and ± 0.5K for T > 100K (the resolution o f the temperature monitor display). The results 
across the measurement temperature range 80K -  300K are shown in figure 5.28.
Measurement Temperature (K)
Figure 5.28 - Band gap variation with measurement temperature 
for Wafer 2 annealed at 500°C for 1 hour
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Across the measurement temperature range 80K — 300K the variation in band gap 
magnitude is negligible. I t  can be considered to be constant, w ith a value o f 
0.874eV ± ~0.005eV.
5.3 Wafer 3
The fabrication conditions employed for Wafer 3 are shown in figure 5.29, below. The 
motivation behind this choice o f conditions was to increase the dose whilst keeping all 
other implantation variables constant. The order o f magnitude increase in dose was 
chosen to fabricate larger precipitates, bordering on a continuous layer.
Energy: 195keV
Dose: 1 .2 x1 017 Ru+ cm"2
Temperature: ~ 600°C
Figure 5.29: Fabrication conditions o f Wafer 3
The use o f these fabrication conditions results in a theoretical [1] Gaussian ruthenium 
distribution at a peak concentration depth o f -  1000A.
The theoretical stoichiometric continuous layer formed from an implanted dose o f 
1.2 x 1017 Ru+ cm"2 would be 400A (4 x 10"6 cm) thick. (Using the method detailed in 
Chapter 4).
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5.3.1 Structure of Wafer 3 as-implanted
RBS measurements o f the as-implanted structure (figure 5.30) show a Gaussian 
ruthenium distribution, consistent with the theoretical prediction [1]. The composition o f 
this layer is non-stoichiometric, w ith -20 at.% Ru at the peak concentration. This 
indicates that a continuous layer o f Ru2Si3 has not been formed at implantation. No 
significant oxygen is detectable in the as-implanted profile and no channelling on the 
ruthenium signal can be achieved.
The distribution o f ruthenium, silicon, and oxygen with depth is shown in figure 5.31.
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Figure 5.31 - Elemental depth profiles o f Wafer 3 as-implanted
The TEM micrograph o f Wafer 3 as-implanted (figure 5.32) shows a non-continuous 
layer o f silicide precipitates, confirming the RBS findings, within a single crystal silicon 
matrix containing dislocations. The precipitates are between ~ 60 -  300A in diameter, 
situated at a peak concentration depth o f ~ lOOOA.
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Figure 5.32 - TEM micrograph o f Wafer 3 as-implanted
X-ray and electron diffraction studies detected the presence o f only a single phase o f 
silicide formation. This was indexed to the structure o f Ru2Si3.
5.3.2 Optical Properties of Wafer 3 as-implanted
Optical absorption measurements in transmittance reveal the formation o f a 
semiconducting structure with a direct band gap less than that o f silicon.
The absorption coefficient variation with energy profile is shown in figure 5.33. In order 
to calculate the magnitude o f absorption coefficient, a value o f 400A for the thickness o f 
silicide layer has been used.
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The corresponding plot o f the square o f the absorption coefficient vs. energy is shown in 
figure 5.34. The magnitude o f band gap is found to be ~ 0.92eV.
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The effect o f measurement temperature variation was investigated on the as-implanted 
sample. The temperature o f the continuous flow cryostat was varied using liquid nitrogen 
from 80K up to 300K in 20K increments on one occasion and then subsequently repeated 
in 5OK increments at a later date. The results o f both experimental investigations are 
summarised in figure 5.35.
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Figure 5.35 - Band gap variation with measurement temperature
For the measurements taken in Experiment 1 the magnitude o f the band gap is constant 
across the temperature range investigated, to a quotable value o f Eg = 0.915eV ± 
-0.01 eV. The average value observed in measurements taken in Experiment 2 was 
slightly smaller, however the correlation between measurement temperature and band gap 
is still minimal. The values o f band gap are centred round a median figure o f 
approximately 0.9 leV  with a spread o f ± 0.0leV , which is consistent with the subsequent 
findings.
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5.3.3 Effect of Annealing on the Structural Properties of Wafer 3
Upon annealing wafer 3, the precipitates grow and the free ruthenium is drawn into a 
preferred region situated at a depth o f ~ 1000A, coinciding with the range o f the implant 
[!]•
The RBS profiles o f Wafer 3 annealed at 900°C for 1 hour (figure 5.36) show a slight 
narrowing o f the ruthenium distribution. The elemental profiles (figure 5.37) indicate 
negligible increase in peak atomic percentage at the centre o f the ruthenium distribution, 
remaining at ~ 20 at.% Ru.
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Figure 5.37 - Elemental profiles for Wafer 3 annealed 
at 900°C for 1 hour
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Microscopy investigations show the precipitate size to have increased to ~ 550 -  1000A 
diameter at a peak concentration depth o f ~ 1000A. This can be seen in figure 5.38.
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Figure 5.38 - TEM micrograph o f Wafer 3 annealed at 900°C for 1 hour 
Large precipitates can be seen at the peak implant depth, 
w ith smaller precipitates at increasing distance from this preferred region
Despite annealing, dislocations can still be observed and the silicide layer remains a 
discontinuous region o f discrete precipitates. High Resolution TEM shows the presence 
o f tw in boundaries in the defective structure.
5.3.4 Effect of Annealing on the Optical Properties of Wafer 3
A sequential isochronal annealing study was undertaken on this wafer. The annealing 
temperature commenced at 50°C and was increased in 50°C increments. The annealing
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dwell time was kept to a constant at 1 hour. After each successive anneal the resulting 
band gap was ascertained using optical absorption methods at room temperature.
In order to quantify the absorption coefficient the value o f thickness used in the 
calculation was taken to be 400A.
Figure 5.39 shows a typical trace o f absorption coefficient vs. energy for the sample 
annealed sequentially up to 400°C.
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The corresponding plot o f absorption coefficient squared vs. energy is shown in figure
5.40, indicating the magnitude o f the direct band gap obtained.
Figure 5.40 - Absorption coefficient squared vs. Energy for Wafer 3 
annealed sequentially up to 400°C
The magnitude o f band gap obtained for annealing temperatures 50°C -  650°C is shown 
in figure 5.41.
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Figure 5.41 - Band gap variation with annealing temperature
A second single anneal at 600°C for 1 hour was carried out and is also shown in figure
5.41. The difference in band gap between the sample annealed sequentially up to 600°C 
and that annealed in a single step was ~ 0.003eV.
Across the annealing temperature range from as-implanted to 650°C for 1 hour the band 
gap can be considered to be constant with a value o f 0.92eV ± ~0.008eV.
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The corresponding variation o f Urbach tail width with annealing temperature is shown in 
figure 5.42.
Annealing Temperature (°C)
Figure 5.42 - Urbach tail width variation with annealing temperature
Over the temperature range from as-implanted (i.e. no anneal) to 400°C, the Urbach tail 
width is ~ 60meV ± 8meV. Upon annealing at higher temperatures (450°C < T < 600°C), 
the Urbach tail width reduces to a value o f ~ 42meV ± 4meV. After annealing for 1 hour 
at 650°C, a direct band gap is still observed but the magnitude o f the Urbach tail is 
significantly increased.
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Upon annealing for 1 hour at 700°C the transmitted intensity measured across all 
wavelengths for both the implanted and unimplanted sample coincide, indicating similar 
dominant lower band gap structures. Any subsequent further increase in annealing 
temperature did not yield a band gap less than silicon.
In order to verify the above observation, single anneals at temperatures greater than 
700°C were carried out. All measurements carried out on separate samples annealed for 
1 hour at 700°C (2 samples), 800°C, 900°C (2 samples) did not yield a silicide band edge 
less than that of silicon.
5.3.5 E ffec t o f M easurem ent T em peratu re  on the O p tical Properties o f 
W a fe r 3
In order to investigate the effect of varying measurement temperature on Wafer 3 
annealed, a sample annealed at 500°C for 1 hour was used. The cryostat was liquid 
nitrogen cooled to 80K and stabilised within the resolution of the temperature monitor 
display at each temperature before measurements were taken. The results obtained are 
shown in figure 5.43.
The effect of varying measurement temperature across this experimental range is 
negligible, and the band gap magnitude can be considered to be constant at a value of 
~0.922eV ± 0.008eV.
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Figure 5.43 - Band gap variation with measurement temperature 
of Wafer 3 annealed at 500°C for 1 hour
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C h a p t e r  6  
D i s c u s s i o n
The results obtained from all three samples are discussed in three sections. Initially, the 
structural properties and their dependence on fabrication conditions are discussed. The 
optical properties of all three wafers are then discussed in the second and third sections, 
considering firstly the effects of annealing temperature and subsequently measurement 
temperature on the resulting sample characteristics.
6 .1  S tr u c tu r a l P ro p e rtie s
Structural investigations show that all three wafers contain inclusions of Ru2Si3, with no 
other phase being identified. A summary of the implantation conditions is given in figure 
6.1.
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Implant variable Wafer 1 Wafer 2 Wafer 3
Energy (keV) 1000 195 195
Dose (x 1016 Ru+ cm2) 5.67 4.25 12.7
Temperature (°C) beamheated -6 0 0 -6 0 0
Figure 6 .1 - Summary of implantation details for all samples
Wafer 1, as-implanted, contained a well defined amorphous layer, extending from the 
surface to a depth of 9000A. Upon annealing the amorphous region regrows. The area 
below the peak of the implanted ruthenium regrows as single crystal silicon, using the 
silicon substrate as a seed. The upper region is polycrystalline due to the fragmentation 
of the regrowth front when it encounters the Ru2Si3 precipitates.
The resulting structure can be regarded as precipitates of Ru2Si3 within a surrounding 
environment of polycrystalline silicon. This can be seen in figure 6.2, which compares 
the TEM images of the as-implanted and annealed sample (900°C for 1 horn*).
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Figure 6.2 -  TEM images of Wafer 1 as-implanted (a) 
and annealed (b) showing the growth of the precipitates
In order to avoid pre-amorphisation of the silicon, Wafer 2 was implanted at an elevated 
temperature using a heated sample holder. No amorphisation of the silicon occurred 
during implantation and the as-implanted wafer contained small precipitates (in the order 
of 20A) of Ru2Si3 within a matrix of defective single crystal silicon.
Upon annealing the precipitates grow, consistent with the theory of Ostwald ripening [1], 
at a preferred depth of - 1000A, coinciding with the peak of the implanted distribution [2]. 
After annealing at 700°C the precipitates ranged in size from 20 -  130A, and increase in
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precipitate growth can be seen in the TEM images of figure 6.3.
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Figure 6.3 - TEM images of Wafer 2 as-implanted (a), 
annealed at 900°C (b), and annealed at 1100°C (c) 
showing increased precipitate growth at a depth of 1000A
A similar process can be observed in Wafer 3. The precipitates in the as-implanted wafer 
are in the order of ~ 60 -  300A, increasing to ~ 550 -  1000A after annealing at 900°C for 
1 hour.
The TEM images in figure 6.4 show the as-implanted structure (figure 6.4a) and the 
sample after annealing at 900°C (figure 6.4b).
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Figure 6.4 - TEM images of Wafer 3 as-implanted (a) 
and annealed at 900°C (b), 
showing increased precipitate growth at a depth of 1000A
The Ru2Si3 samples used in this project, fabricated using Ion Beam Synthesis, yielded a 
much more complicated microstructure compared to that reported for samples grown by 
Molecular Beam Epitaxy.
Electron Diffraction studies carried out on all three Ion Beam Synthesised samples 
indicated a complicated micro structure. In Wafer 2 annealed at 1100°C, the precipitates 
were found to exist in a complicated orientational relationship, containing 16 independent 
orientation variants: (110)Si || <11 l>Ru2Si3 and {11 1 }Si || {1 10}Ru2Si3. The confinement of 
the Ru2Si3 precipitates by the bulk silicon substrate results in an increase in lattice
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parameters by ~ +11%. [3] This value of microstructural strain has significant 
implications on the optical characteristics of the sample.
Polycrystalline Ru2Si3 samples grown by Molecular Beam Epitaxy are reported to contain 
merely two different orientations, with improved crystallinity (ftnin <5% ) and much lower 
values of theoretical strain (+2.6%, +1.6%, and +0.5%). [4]
It is clear that the fabrication route chosen has a profound affect on the micro structure, 
crystallinity, and ultimately the sample characteristics.
6 .2  E ffe c t  o f  V a r y in g  th e  A n n e a lin g  T e m p e ra tu re  o n  th e  
O p tic a l P ro p e r tie s
The variation of the optical characteristics, in particular band gap and Urbach tail width, 
with anneal temperature is discussed in this section for all three Wafers. Wafer 1 is 
discussed initially, in isolation, followed by a comparison between the characteristics of 
Wafers 2 and 3, due to the very different structural properties of Wafer 1 compared to 
Wafers 2 and 3.
6.2.1 E ffec t o f V a ry in g  the A nnealing Tem perature on the O ptical Band  
G ap o f W a fe r 1
The manipulation of optical absorption raw data consistently yielded a direct band gap. 
The variation in magnitude of the band gap with annealing temperature in Wafer 1 is 
summarised in figure 6.5. The green dotted lines give an indication of the general trend
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of the raw data in each of the three different regions of the plot. For some of the 
measurements the raw data was extremely noisy and a band gap value difficult to quantify 
accurately. These data points have been omitted from figure 6.5.
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Figure 6.5 - Variation of band gap with annealing temperature 
for Wafer 1, showing three distinct regions;
Tanneal < 300°C, 300°C < Tanneal < 700°C, T > 700°C
At the lower temperature anneals (less than ~ 300°C) the band gap decreases from 
approximately 0.92eV to around 0.87eV at 300K, and 0.835eV to 0.82eV at 80K. In this 
temperature range (T < 300°C) the sample is virtually in its as-implanted state, where the 
surface layer consists of an amorphous silicon region containing Ru2Si3 precipitates. In
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the manipulation of the raw data the control sample is taken as a piece of unimplanted 
material, which is single crystal silicon. Therefore, the division is not sufficient to 
remove the silicon effects and leave solely the absorption from the silicide layer. Even if 
a piece of amorphous silicon was used this would not account for the absorption from the 
single crystal silicon substrate and would not have undergone the same fabrication 
conditions. The implantation process lasted a few weeks and consisted of a number of 
openings of the chamber and implantation run attempts, which would undoubtedly affect 
the final material. It is extremely difficult to find a piece of material which would directly 
and accurately represent the material composition and structure of Wafer 1 without the 
Ru2Si3 precipitates.
The apparent temperature dependence of the band gap is large and behaves in the 
opposite sense to that normally exhibited by semiconducting materials. It is difficult to 
confidently predict the cause of this. One possible explanation would be that there are 
two different phases being measured. This seems unlikely, however, as the phase 
diagram shows no evidence of any low temperature phases. The most probable cause is 
due to the presence of the amorphous silicon complicating the absorption processes and 
analysis of the raw data. In order to avoid these problems in the future, subsequent 
material was implanted using conditions which did not result in the amorphisation of the 
silicon.
Subsequent anneals, at temperatures above 300°C, resulted in a band gap in the range 
0.90eV -  0.92eV, with no overall increase or decrease with the changing annealing 
temperature. However around 700°C there is a sharp drop in the band gap, down to
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approximately 0.86eV, and a further increase in annealing temperature results in a 
proportional change in band gap. This region is highlighted for clarity in figure 6.6.
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Figure 6.6 -  Effect of annealing temperature 700°C to 1100°C 
on the magnitude of the resulting band gap for Wafer 1
Figure 6.6 shows that in the high temperature region (700°C to 1100°C) the band gap 
undergoes an almost linear increase with changing annealing temperature. The data 
points measured at 300K can be reasonably well fitted to a straight line, but the series at 
80K can not be represented as accurately by such an approximation.
The temperatures at which the plot in figure 6.5 is split into three sections have particular 
physical significance. The first discontinuity occurs at ~ 300°C, which broadly 
approximates to the temperature that the sample reached during implantation. The second
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sudden change in band gap, around 650°C, coincides with the regrowth of amorphous 
silicon. The structural change can be observed with the naked eye as the implanted region 
was seen to ‘disappear’ at anneals around this temperature. TEM analysis of Wafer 1, as- 
implanted, showed that amorphisation occurred during implantation, and so in the region 
around the amorphous silicon regrowth temperature it would not be unreasonable to 
assume that a discontinuity would be observed. Samples annealed above and below this 
regrowth temperature would be structurally very different from one another and so 
comparisons are being made between two dissimilar materials.
6.2.2 E ffec t o f V a ry in g  the A nnealing Tem peratu re on the O p tical 
Properties o f W afers  2 and 3
In all cases, where a band gap below that of silicon is measured, the band gap is found to 
be direct. The variation of the band gap magnitude for Wafers 2 and 3, measured at room 
temperature, is shown in figure 6.7.
The arithmetic mean value of band gap for both Wafers 2 and 3 was calculated, and is 
indicated in figure 6.7 by the dotted lines. Values of mean band gap Eg = 0.877eV for
Wafer 2, and Eg = 0.919eV for Wafer 3 were yielded, with a standard deviation 
a = 0.005eV in both cases.
113
Jane Sharpe
Discussion
0 100 200 300 400 500 600 700
Annealing temperature (°C)
♦ Wafer 2 Mean of Wafer 2 (= 0.877eV)
■ Wafer 3 ..........Mean of Wafer 3 (= 0.919eV)
Figure 6.7 - Variation of band gap with annealing temperature 
showing arithmetic mean of band gap for each wafer
In all cases the band gap of Wafer 3 is higher than that of Wafer 2. Wafer 3 contains 
three times as much ruthenium, and hence larger precipitates of Ru2Si3 for comparable 
annealing conditions.
As the precipitates increase in size the micro structure will change, which would have a 
profound affect on the band gap. Theoretically, as the compressive strain within a 
substance increases (i.e. the atoms are brought closer together) the band gap increases. 
Uniaxial strain shifts the distribution of the density of states by various amounts in each
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crystallographic direction. This results in a modification in the band structure such that a 
change in the nature of the band gap can be observed [5, 6]. In work carried out on 
semiconducting FeSi2 an increase in the strain within the structure (corresponding to a 
change in the lattice parameters b and c of 0.5A) resulted in the band gap shifting by 
~ 0.3eV and thus changing the fundamental gap from an indirect to a direct gap [5, 6]. A 
difference in the value of strain between Wafers 2 and 3 due to the size of the precipitates 
could easily account for a difference in band gap in the order of 0.04eV.
Negligible dependence of band gap upon annealing temperature was observed across a 
number of experimental investigations carried out on both Wafers 2 and 3 up to ~ 650°C. 
Annealing at temperatures above 650°C consistently yielded no band gap below that of 
silicon (either direct or indirect). The raw data shows the sample and substrate traces 
coincide and overlap (within the realms of experimental error). This indicates that the 
smallest band gap in the sample was that of the silicon substrate, as opposed to the silicide 
layer. Once the band gap of the silicide layer becomes greater than that of silicon its 
absorption, in transmission, becomes blocked by that from the silicon band edge.
A comparison between the Urbach tail width obtained in Wafers 2 and 3 with increasing 
annealing temperature is illustrated in figure 6.8.
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Figure 6.8 - Urbach tail variation with annealing temperature 
for Wafer 2 and 3
For lower annealing temperatures (less than 450°C), the Urbach tail width in Wafer 3 
remains relatively constant, in the region of 58 -  68meV. After annealing at 450°C the 
Urbach tail width reduces to 40meV. Upon subsequent annealing, up to 600°C, the 
magnitude remains at this low value, reducing slightly to a minimum of 37meV. This 
reduction of Urbach tail width with increasing annealing temperature is also reflected in 
the trend obtained for Wafer 2. This observation is predicted by Urbach [7] and indicates 
an improvement in sample quality, as would be expected by post implantation heat 
treatment. After annealing at 650°C, however, a large increase in Urbach tail width is 
observed.
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Structural investigations carried out by G.Shao (of the Department of Materials Science, 
University of Surrey) show a large number of defects and precipitates of several different 
orientations. The microstructural strain within Wafer 2 annealed at 1100°C for 1 hour 
was in the order o f+11%. [3]
All the samples contain a high degree of structural disorder. Upon annealing, the 
precipitates increase in size. Figure 6.9a shows a schematic representation of two 
precipitates within the silicon matrix, typical of a low temperature annealed sample. Due 
to the complicated orientational relationship of these samples [3], it is unlikely that the 
nearest neighbour precipitates are aligned along a parallel axis. When there is significant 
separation between precipitates the lack of alignment is unimportant. The silicon / 
silicide interface is the source of microstructural deformation and strain.
After sequential annealing and further precipitate growth, a point is reached when the 
proximity of the precipitates is such that they start to affect one another (figure 6.9b). At 
the interface of two misaligned precipitates local deformation will occur. This would 
cause an increase in Urbach tail width. A reordering of close range structure at the 
interface would cause a change in the strain (either increase or decrease), which would 
account for the shift in band gap magnitude to above that of silicon. These propositions 
correspond to the sample behaviour observed after the 700°C anneal.
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Ru2Si3 precipitate
Representation of 
relative orientation 
of precipitates
Figure 6.9a - Two precipitates in different orientations 
significantly separated
Figure 6.9b - Two larger precipitates in close proximity
Figure 6.9 - The growth and resulting interaction of two precipitates. 
The relative orientation of each precipitate is indicated.
When the two precipitates grow sufficiently large the interface 
is formed between two misaligned structures.
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The value of strain obtained from wafer 2 (+ -11% ) is extremely high, and it would be 
reasonable to assume that it is in the region of the maximum the material could sustain. 
The magnitude of strain found across the annealing range up to -  700°C could be 
relatively constant (the change in volume of the precipitates resulting in an increase in the 
strain energy contained within the precipitates, rather than a discernible change in 
magnitude of strain between the silicide and surrounding silicon). A point would be 
reached (possibly coinciding with the 700°C anneal) where a large relaxation in the 
sample occurs. This would result in a significant change in the band gap value, which 
would explain the sudden increase in band gap to above that of silicon.
The effect of sequential heat treatment on strained Ion Beam Synthesised Ru2Si3 
precipitates remains un-investigated. A study of the micro structural behaviour at 
precipitate interfaces would be worthy of further investigation.
Electrical measurements carried out on Molecular Beam Epitaxy grown polycrystalline 
Ru2Si3 samples report a direct band gap of -  0.8eV and 0.90 ± 0.04eV [8, 9]. Absorption 
is seen from -  0.8eV and increases dramatically above 1.5eV. It is asserted that this is 
due to the low density of states around the valence band maxima and within the first 
0.5eV of the valance band [9]. Optical measurements carried out by two independent 
groups on a single crystal of Ru2Si3 again reveal a low absorption coefficient but yield a 
distinct direct band gap at 0.84eV [9] and 0.85eV [10] respectively.
The results yielded from both the single crystal Ru2Si3 and the MBE grown samples 
reveal a direct band gap similar in magnitude to that found in this study. However, earlier
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work on Ru2Si3 has reported a variety of band gaps where the specific magnitude appears 
to be highly dependent upon the fabrication conditions [11, 12].
6 .3  E ffe c t  o f  V a r y in g  th e  M e a s u re m e n t T e m p e ra tu re  on  th e  
O p tic a l P ro p e rtie s
The effect of varying measurement temperature on the magnitude of the direct band gap 
in Wafers 2 and 3 as-implanted is shown in figure 6.10.
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Figure 6.10 - Variation of band gap with measurement temperature 
for Wafers 2 and 3, as-implanted
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The arithmetic mean value is calculated across the measurement temperature range 80K — 
300K for Wafer 3. The corresponding calculation for Wafer 2 ignores the value obtained
at 80K. The average band gap obtained Eg ~ 0.874eV for Wafer 2 and Eg = 0.903eV for
Wafer 3. The corresponding standard deviations were calculated to be 0.008eV and 
0.006eV for Wafers 2 and 3, respectively.
The effect of varying measurement temperature on the magnitude of the band gap was 
also investigated for Wafers 2 and 3 annealed. Both samples were annealed at 500°C for 
1 hour and liquid nitrogen temperature controlled across the range 8OK -  300K. The 
results are shown in figure 6.11.
The variation across the measurement temperature range is negligible in both annealed 
samples. The arithmetic mean calculated for Wafer 2 E = 0.872eV and for Wafer 3
Eg= 0.922eV. The standard deviation across the whole range is 0.005eV for both 
samples.
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Figure 6.11 - Variation of band gap with measurement temperature 
for Wafers 2 and 3, both annealed at 500°C for 1 hour
By comparing the mean values of Wafer 2 as-implanted and annealed (0.874eV and
0.872eV respectively), the earlier conclusion (that the effect of annealing on band gap 
magnitude is minimal) is confirmed.
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In Wafer 3 the averages obtained are Eg = 0.903eV for the as-implanted sample and 
Eg = 0.922eV after a one step anneal. The mean value across the sequential annealing
temperature range up to 650°C is 0.919eV and standard deviation 0.005eV. The mean 
band gap value for the single annealed sample is consistent with that found in the 
sequential annealing study, however the mean band gap for the as-implanted sample 
would seem quite low. This could be due to the sample being taken from a different part 
of the implanted area, and so experiencing very different micro structural disorder in the 
as-implanted state.
Theoretically, the temperature dependence of a semiconductor band gap is given by [13]
f t r ) := f t ° ) _ s (ha> { coth^ r  ~ 1
...(6 .1 )
where, on the right-hand side, the first term is the magnitude of the band gap at OK and 
the second term is a variable related to the temperature and the phonon coupling of the 
lattice.
In order for a negligible temperature dependence to be observed the contribution from the 
second term in equation 6.1 would be minimal. Therefore, the value of coupling constant 
S  would be small.
The vast majority of semiconducting materials experience a reduction in band gap 
magnitude with increasing temperature, however this is not ubiquitous and for example 
all three lead chalcogenides (PbS, PbSe, and PbTe) behave in such a way as to increase 
their band gap with increasing temperature [14]. The electron-phonon interaction,
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f  PJ? \
measured in eV/K, is positive, so S  in equation 6.1 would be negative. So if  it is
Jv
possible to observe negative values, it would not seem unreasonable that this material 
could contain a coupling constant S  of a comparatively small value. To date, no 
published data quantifying this constant for Ru2Si3 has been located.
No similar work, reporting the effect of measurement temperature on the resulting band 
gap magnitude, is known to have been published to date on Ru2Si3 samples fabricated by 
different methods.
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C h a p t e r  7  
C o n c l u s i o n s  a n d  F u r t h e r  W o r k
The main scientific achievements of this project will be highlighted and suggestions for 
future areas of research will be postulated.
7 .1  C o n c lu s io n s
Before the commencement of this project, the compound Ru2Si3 had never been 
fabricated by Ion Beam Synthesis, therefore no experimental data existed regarding this 
material. The published literature on the material generally was scarce, and consisted 
mainly of thermoelectric characteristics of arc melted samples alongside theoretical data.
Within the duration of this project several research groups working on semiconducting 
ruthenium silicide have been formed worldwide. The theoretical data has been
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reinvestigated, the material epitaxially grown and its application as a possible light 
emitter proposed.
A number of “firsts” have been realised within this work.
1. The first fabrication of Ru2Si3 by Ion Beam Synthesis.
2. The first optical measurements reported on Ru2Si3 produced by any 
method.
3. The first investigations into the micro structure of Ion Beam Synthesised 
Ru2Si3.
Ion Beam Synthesised Ru2Si3 has been found to be a semiconductor with a direct band 
gap. The samples contain a complicated microstructure of 16 independent orientational 
variants and are highly strained (~ + 11%).
The values of band gap across all three samples are summarised in the table below (figure 
7.1).
Dose 
(xlO16 Ru+ cm"2)
Implant
Temperature
Band Gap (eV)
as-implanted annealed
5.67 beam heated 0.918 -0 .91  ±0.01
4.25 ~600°C 0.874 ± 0.008 0.872 ±0.005
12.7 ~600°C 0.903 ± 0.006 0.922 ± 0.005
Figure 7.1 -  Summary of implantation conditions and 
band gap magnitude for all three samples
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It is evident that without wafer heating amorphisation occurs during implantation, 
resulting in a highly defective sample upon subsequent heat treatment. Neither sample 
fabricated using a heated sample holder experienced pre-amorphisation of the silicon, and 
thus contained single crystal silicide precipitates within a matrix of single crystal silicon.
The dose of ruthenium, and hence the size of resulting Ru2Si3 precipitates, affects the 
magnitude of the forbidden energy gap. The higher dose sample contains a wider band 
gap silicide, consistent with a change in micro structural disorder.
The band gap magnitude is resilient to changes in measurement temperature, and little 
variation from liquid nitrogen to room temperature is observed. It is postulated that this is 
due to a small value of electron -  phonon coupling, which has yet to be investigated 
theoretically.
The optimum annealing duration was found to be 1 hour, with a further increase in 
duration having a minimal effect 011 optical characteristics, and so becoming redundant 
for the purposes of this project. The possible effect of increased duration on the structural 
properties remains uninvestigated.
Sequential annealing studies showed little variation in band gap magnitude up to 650°C. 
After annealing at 700°C the band gap shifts to above that of silicon. This would 
correlate to a change in micro structural disorder, corresponding to the increase in 
precipitate size and interaction of nearest neighbour silicide inclusions.
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7 .2  F u r th e r  W o r k
As with any scientific investigation, there are a number of possible avenues of pursuit for 
any future projects, both theoretical and experimental.
Worthy of both theoretical and experimental investigation would be the microstructural 
interactions of Ion Beam Synthesised RU2S13 precipitates as they grow. Being able to 
track changes in microstructural strain values as the sample is annealed at various 
temperatures would yield important trends. A thorough understanding of the critical point 
at which the structural modifications occur and specifically what happens when each of 
the 16 different orientational variants encounter one another would provide a vital 
contribution towards fully understanding this material. The results from such a study 
would potentially enable the determination of the cause of the band gap shift.
A  theoretical estimate of the electron -  phonon coupling constant would serve to confirm 
or disprove the argument as to the invariance of band gap magnitude with measurement 
temperature.
The work carried out on the synthesis of the material could be extended to produce more 
material. A higher dose of ruthenium could be implanted to yield a wafer with an as- 
implanted continuous layer. This would enable comparisons to be drawn between the 
properties of precipitates and continuous layers.
An extension of preliminary electrical measurements would provide information 
regarding the electrical characteristics of the material and their dependence on fabrication
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and structural characteristics. Any correlation between structural, optical and electrical 
characteristics could then be identified.
The effect of anneal duration on structural properties could be tracked to ascertain the 
optimum anneal duration without redundancy for not only optical but structural 
characteristics as well. Investigation into the overall thermal budget required by post­
implantation annealing is an important practical consideration if this material is ever to be 
used commercially.
The ultimate aim would be to produce high quality material capable of producing efficient 
luminescence in the infra-red, as is theoretically predicted.
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